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Abstract

This thesis addresses the issues involved in tegmend construction of a multi-
phase resonant switching power supply for delivefya high voltage, high current
stabilized DC impulse. Such a power supply may beduin place a pulse forming
network (PFN) to drive a high power klystron amiplif which typically requires
voltages near -100kV at 10s of amps of currentikgrdn LC PFN, a switchmode power
supply (SMPS) allows greater control over pulseatdan while still allowing generation
of longer duration pulses on the order of 10ms withstant output voltage by use of
feedback regulation.

Specifically, the thesis documents the results ftbe design of a loosely coupled
boost transformer with a parallel LC resonator lu& $¢econdary, a microcontroller based
control system for feedback stabilization and tégies of harmonic mitigation to reduce

switching noise on the output waveform.
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| ntroduction

0.1 Overview

The use of resonant circuits in high voltage switghpower converters allows the
voltage boost ratio of the transformer to exceexltthins ratio, allowing for more compact
designs and reduction of copper usage in the secpmndnding. Further, the boost ratio’s
strong dependence on switching frequency allows pgbeer supply to regulate output
voltage by shifting switching frequency. By switeiat full duty cycle near resonance, the
primary voltage and current will be in phase, alluyvfor zero current switching (ZCS), and
almost complete elimination of switching losses.sistching frequency moves away from
resonance, the IGBT current at the switching evwesreases from zero, however with only
two switching events per cycle, switching losses aonsiderably lower than if PWM
feedback were used for voltage control. Additiobahefits of resonant topologies include
the strong dependence of power transfer on a nttohgout load; in the event of a short
circuit, the resonant circuit will be de-Qed andwmpo transfer will automatically reduce
without damage to the supply or load.

The power supply described herein is a resonameetphase pulsed power converter
capable of a nominal output of -80kV at 40A for X0rhe input dc link of the power supply
is connected to an electrolytic capacitor bank vaithominal starting voltage of 900V and

sufficient capacitance to drive the supply for 10fise capacitor bank is connected to the
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input of an h-bridge module that drives the boastdformers. Each transformer primary is
independently driven by a dedicated IGBT H-bridgeust that is fiber optically coupled to a
microcontroller based control system. The transéysmare driven with a full duty cycle
square wave of varying frequency between 18.5kH¥ 26kHz and have microcrystalline
iron cores for low loss while providing adequatdta@conds. Each resonant transformer has
a parallel LC resonant circuit on the secondarydimig. The secondary windings are
configured in a Y configuration and connected teoétage doubling three phase rectifier,
where the output of the rectifier feeds a centppeéa capacitor bank with the center tap
connected to the Y point of the transformer secoadaThe output of the rectifier is also
connected to a harmonic filter tuned to tieH&rmonic of the average operating frequency
to greatly reduce ripple on the power supply outpuwlditionally, an LC low pass filter may
be connected in series with the output to furtleeluce ripple at the expense of a slightly
increased rise time of the HV pulse.

The power supply is connected to a klystron tulse lavith a nominal impedance of
1800o0hm through an RG-8 solid dielectric coaxidbleaAn RC snubber consisting of a
400uH inductor in parallel with a 50o0hm resistoeyants an HV pulse from being reflected
back up the coaxial cable in the event the outpuhe cable is shorted to ground by an
internal HV arc. Additionally, a triggerable spagkp is placed in parallel with the klystron
tube to crowbar the voltage across the cathodéenetvvent of an internal arc in order to

prevent arc damage to the cathodes emissive surface



0.2 Research Contributions

The main contributions of this research addressd#sgn and construction of a three

phase resonant power supply. Specifically the dmutions can be classified into the

following groups:

Design and analysis of a loosely coupled resomanstormer with a boost ratio
that significantly exceeds the turns ratio with tdagability of high voltage, high
current output. The transformer in question inchidenano-crystalline iron core
for low losses, and a specialized oil tank enclpsnly the secondary winding
for insulation and corona suppression.

Design of a suitable microprocessor based conystesn to generate switching
signals to the IGBT module over a fiber optic laukd receiving feedback signals
from capacitor bank current, capacitor bank voltaged output voltage.
Maintaining good resistance to electromagneticriatence from high current
switching events, and providing ground loop isolatto input signals. Providing
computer control to adjust the output pulse paramePrograming of a feedback
control system to stabilize output voltage as thgacitor bank voltage decreases
by adjusting switching frequency.

Mitigation of harmonic noise and ripple in the autghrough use of harmonic
filters tuned to certain multiples of the switchifrgquency, inductive filers to
make the output current stiff or low pass filteosselectively attenuate higher

harmonics while still allowing rapid rise time aetbeginning of the pulse.



iv. Design of a safety system for driving klystron tsbéhat in the event of an
internal arc, will cut output power from the supptgpidly remove power from
the load by use of a crowbar spark gap and prevghtvoltage transients on the
coaxial cable connecting the power supply to tles l'om being reflected back

and damaging the supply.

0.3 Overview of Chapters

Chapter one presents a review of state of theemigds of high power SMPS design,
topologies, and soft switching. A review of exigtihigh power resonant SMPS designs is
presented along with results from their testingchieques for harmonic mitigation are
reviewed.

Chapter two presents the requirements and desigstramts for construction of the
power supply. While later chapters describe thagdesf the power supply, this chapter
provides insight into why the power supply was dgeed in this particular manner based on
the components available. The power supply wastagted to replace an LC based PFN for
delivering power to a microwave amplifier. Requiesits on the power supply include
output voltage and current capabilities, fault tatee, output voltage range, output stability,
pulse duration, serviceability, safety, toleranoevoltage droop on the capacitor bank, and
external control of parameters. Design constrainttude the use of certain transformer
cores, IGBTSs, rectifier diode stacks, and capadiamks which were either donated to the
project or were available as surplus.

Chapter three presents the design of the powerl\sagmwer electronic components,

transformers, filtering system and safety syste@mmponents include the capacitor bank’s
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capacitor trays, bus bars and interconnecting witbg IGBT switching network’s
mechanical relay, stiffening capacitors, low indute bus plates, IGBTs, gate drivers and
transformer connections, a detailed descriptionthaf resonant transformer, it's design,
testing and comparison to numerical and analytwadiels, the three phase rectifier and it's
doubling capacitor configuration, techniques ofnh@nic mitigation, and safety systems to
prevent damage in the event of an arc fault.

Chapter four presents the design and construcfidheopower supplies control system.
This chapter covers the microcontroller, its comnimgc circuits, i/o optical and galvanic
isolators, and the design of the operating code.

Chapter five presents results from testing of thevgr supply and comparison to spice
and analytical models. Models of the transformectifiers, and filters are presented and
compared to simulation. Open loop testing of theigrasupply is presented and compared to
steady state spice simulations. Testing of theldaekl control system and stabilization of
output voltage during drooping capacitor bank iesgnted. Testing of the crowbar spark
gam and associated LR snubber system is presemiecbenpared to simulation.

Chapter six presents a brief summary of the rebeapcesents conclusions and

recommendations for resonant SMPS design, anchestfuture research.



Chapter 1 State of the Art Review

This chapter presents an overview of current rebeand development of pulsed
power systems utilizing switched mode power sugfiMPS) systems for modulation and
pulse stabilization. The first section presentsesgvdesigns of high power SMPS, and high
voltage SMPS topologies. The second section preskrsigns and characteristics of loosely
coupled transformers. The third section coversmasbSMPS power converters, specifically
a very similar design of a three phase resonanterter built at Los Alamos National Lab
and results of its testing. The fourth section enés techniques of harmonic mitigation. The

final section presents a summary of the chapter.



1.1 High power SMPS Design and Topologies

Design of high power SMPS converters is challengiog to the high voltages and
currents involved. Power electronics must be capabl multi-megawatt power transfer,
sometimes at thousands of volts and thousands p$.aftne majority of high voltage power
converters utilize either boost, flyback, or tighttr loosely coupled transformer based
topologies. Boost and flyback converters are uguatiited to low power operation, while
tightly coupled high voltage systems may presefetgehazards in the event of an output
short due to the low impedance between the priraadysecondaries of the transformer.

Poly-phase resonant power converters are a newochéthgenerate high voltages with
high power while maintaining a small physical siak 10 times smaller than previous
methods. Such power converters are capable of proglulOs of MWs at 100s of kV.
Additional benefits include inherent fault toleranthe power converter must be designed to
be matched to a given load such that in the eveatfault, the resonant circuit will be de-
Qed thereby preventing power transfer. In the eeéan arc fault, the system can safely run
through the fault without damage to the load ompdypwhile the reduction in power transfer
may be sufficient to clear the arc fault. Resor@mwer converters with amorphous nano-
crystalline iron cores maintain the high permeapidif iron cores, while allowing efficient
use at higher frequencies in the 10s of kHz usuaflgerved for ferrite materials.
Consequentially, a nano-crystalline transformer pesvide 300 times the power transfer
capability as a 60Hz transformer for a given siad weight [1]. For comparison, a 100kV,

60Hz system carrying 20Arms and utilizing soft iares will be on the scale of 35 tons and
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have about 30kW losses while the transformer inlgghase resonant converter operating at
140kV and 20kHz carrying 20Arms utilizing a nangstalline core will weight 450lbs and
have about 3kW losses. Efficiency of as high as 97&y be realized with such a system.
Such resonant systems can achieve significantigtgrgower levels with a given set power
electronics in part to the resonant nature of teeosdary which allows soft switching
thereby reducing junction heating in the IGBTs. éiithe exact nature of the system, either
zero voltage switching or zero current switchingyniie utilized by switching the IGBTs
during the period of reverse commutation of the-patallel diodes in the IGBT module, or
by operating near resonance such that the IGBT&lswiear the zero crossing period of

primary current.



1.2 Loosely Coupled Transformers

In contrast to closely coupled inductive systemsghsas a tightly wound transformer
with low leakage inductance, loosely coupled tramskrs provide a high leakage inductance
that may be used to form a resonant circuit. Inyr@ases efficient power transfer may only
be attained if either or both the primary and sdeoy windings are capacitively
compensated [2], described herein as a resonamiféraner. In closely coupled reactive
power systems, the reactive power is usually leas the real power transferred, while in
certain loosely coupled systems, the reactive p@aeprbe up to 50 times the real power.

The majority of transformers used in the power dieppherein utilize a tightly wound
uncompensated primary and a loosely coupled secpndth large leakage inductance and
parallel capacitive compensation. Series compemsaifi the secondary leads to voltage
source like characteristics while parallel compénsaleads to current source like
characteristics. Series compensation of the prinmytilized when the amplitude of the
input waveform must be low, while parallel compditsais used when the primary winding
must be concentrated into a small volume, therelgyiring high currents. The Q factor of a

compensated winding is given by (1.1) as and i}y between 2 and 10.
Q =— (1.1)

Larger secondary Q factors allow greater powerstearat the expense of a higher secondary
VA utilization. The power transfer capability ofrasonant transformer can be increased by
increasing the VA rating of the secondary by addimgre copper or core cross section,

increasing the primary current or varying the cougpbf the windings.
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1.3 Resonant SMPS Power Converters

Research in high power resonant power convertessdbban carried out at Los Alamos
National Labs. The resonant power supply was desigm produce a high voltage pulse train
of 140kV, at 1MW average, and 11MW peak that waius drive klystron amplifiers. The
output waveform was a chirp of 1.5ms pulses. Thevgoosupply drives the resonant
transformers at a fixed 20kHz frequency using PWMreégulate the output waveform
through feed forward and feedback techniques asrsho Figure 1.1 [3]. The supply used a
resonant transformer with a nano-crystalline irorecand secondary LC resonator to achieve
voltage boost to the required value. Zero voltagéching of the IGBTs was used to

minimize switching losses.

Tek, J"lrm _BReady M Pos 740005 CH2 ek run: woksrs  sample

. ’Coﬂm

-] BW Limit

1%

1 Veits/Div
ares
Piobe
ivert
S .
CHY 20008y CHZ 00mes M 250 s CH1 . -S56mY

Figure 1.1 Power supply output pulse without anthvieedback control.

The input DC link of the power converter used aolap capacitor bank charged to a
nominal +/- 1250 V through a three phase SCR reégulonnected to a 2100V substation.
The capacitor bank utilized a series of custom ilesuctance metalized hazy polypropylene

traction capacitors, designed to clear any inteshart that may occur, thereby allowing
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direct connection in parallel banks without indivad capacitor safety fuses, which would
increase inductance of the input DC link.

Each transformer was driven by an independenthfbltidge of IGBTs. The IGBTs used
in this power supply were rated at 3.3kV and 1.2RAe boost transformers utilized an
amorphous nano-crystalline iron core operated &H20with a bidirectional magnetic field
swing of 1.6 Tesla. A parallel LC resonator wasduse the secondary winding to achieve a
high boost ratio. The transformers were measurdtht® 320W of loss per core during full
power operation. The loosely coupled resonantrsany allows a boost ratio of 60:1 while
using a turns ratio of 19:1 [4]. The turns ratiotlké transformer is chosen to provide the
required leakage inductance on the secondary teacla 20kHz resonant frequency with
the parallel resonant capacitors.

The transformer cores were developed by Nationab&r Magnetics and are constructed
of 0.0008” nano-crystalline laminates for low loas high frequency operation while
maintaining a high magnetic permeability. The cheastics of the core material are

presented in Table 1-1.

Table 1-1 Nano Material Characteristics [4]

Mu 50,000
Lamination Thickness .0008"
Lamination Insulation 1 uM Namlite

Stacking Factor ~90%

Bsat 12.3 kG

Core Loss (our use) ~300 W
Core Weight (our use) ~95 lbs

Power (each core) 330 kw
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The IGBT network consists of a set of 12 IGBTs agunfed in a set of three independent
full h-bridges, with the top of each bridge conmegtto the positive capacitor bank at

+1250V and the bottom connecting to the negatiyEaci#or bank at -1250V as shown in

Figure 1.2.
c7 ai Q3
_— |
[ >PHASE? PRI 1
= [ =PHASE?PRI2
-0
cB Qz Q4
- _| _l
BEIPOLAR X3 IGET
CAPACITOR H-BRIDGE
BANK

Figure 1.2 Bipolar bank and IGBT h-bridge

The IGBTs are mounted on a low inductance bus® pléh a rail to rail inductance of
4nH, allowing snubberless operation of the IGBTsfmgventing overvoltage conditions
generated by high frequency ringing during switghievents, where dl/dt can exceed
10kA/uS [5]. Total inductance of the input DC liik further reduced by using low ESL
stiffening capacitors mounted directly to the IGBUs plates providing a total input
inductance on the order of 7nH [6].

The power supply uses zero voltage switching taicedswitching losses, where primary

winding current is carried by the IGBTs freewhegloiode during the switching event. The
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output voltage of the supply is controlled by PWMtlte duty cycle of the switching period
between 2.5us and 55us per half cycle which prevaggroximately 10% control range on
the voltage output which is sufficient to stabil@atput voltage during capacitor bank droop.
PWM period is controlled by an adaptive feed fomvarfeedback system which provides
very low ripple on the order of 150V. The voltagawsform on the transformer primary is
shown in Figure 1.3.

Tek Run: 250kS/%§ Sample

Lk

m,_,_.r'.'.; ARNFENOIRERDN ;

M 200ps Che -5 I60 W

Figure 1.3 Transformer primary waveform [4].

The secondaries of the transformers are connegtadyi configuration, each transformer

with a parallel resonant capacitor as shown in fedu4.
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Figure 1.4 Three phase resonant transformer system.

The three output phases are connected to a thrase plectifier feeding a center tapped
capacitor bank with the center tap connected tortpeint on the transformer secondaries as
seen in Figure 1.5. The rectifier consisted of rmmgtof 1.4kV, 75A diodes with a 50ns

reverse recovery time [7].

R1 10 L1 20mH R3 50
,f_
_L AM 1 Y Y T2 f A
. A
- —\-.‘[Z J_ €1 L’ Y
0.03uF L2 35uH
PHASE1 [ o—d o 20=30
PHASE2 [ - T zR2
PHASE 3 c2
¥ POINT E" J[., T 0.03uF
=0
pi-R Filter RL Klystron
and Doubler Snubber Load

Figure 1.5 Rectifier, doubler, filter and RL snuhbe
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A resistor is placed in series, forming part ofi&filter, along with a series inductor and
shunt capacitor after the center tapped doublipg@#or. The power supply is connected to
the klystron load through a coaxial transmissiaoe nd a series RL snubber.

Testing of a crowbar system demonstrated de-Qingthef resonant transformers,
automatically interrupting power transfer to thgstion tube. In the event that modulation
on the transformer primary continued, only a sligitrease in total energy dissipated into
the klystron, on the order of 10J, was observed.

Other resonant transformer topologies have beeloegfor high voltage, high power
modulators [8]. A long pulse modulator capable afducing a 25kV, 10A pulse of 1-2ms
has been developed at E2V technologies. In thigesysa unipolar electrolytic capacitor
bank powers three independent full h-bridges thi&ed resonant LC tank circuit connected
across the primaries of three ferrite core trams&s. The secondaries of the transformers
are connected in a Y topology with the center tepting. The output of the transformers is
then rectified with a three phase rectifier andrmmted to an LC low pass filter to reduce
harmonics and ripple.

In this particular power supply, the input DC liskpowered of a unipolar capacitor bank
charged from a three phase IGBT PWM rectifier desigto maintain the capacitor bank in a
suitable voltage range while drawing power from &@ mains at unity power factor to
comply with harmonic and flicker regulations. Theesof the capacitor bank is minimized
by utilizing intelligent charging methods and desigy the power converter with a suitable
dynamic boost range to compensate for increasedgsldroop during each output pulse.

With the bank used in this power supply, a voltdgeop of 25% is expected during each
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pulse. The capacitor bank is comprised out of eledic capacitors connected to a low
inductance bus plate in a unipolar configuratiamd @aowering three independent h-bridges

as shown in Figure 1.6.

a1 a3
_ 1 1
7 = PHASE? PRI 1
[ >PHASE? PRI 2
a2 Q4
=0

UNIPOLAR X3 IGBT
CAPACITOR H-BRIDGE
BANK

Figure 1.6 Unipolar bank and IGBT h-bridge

Each h-bridge drives a resonant boost transformamfigured with a resonant LC tank
circuit on the primary as shown in Figure 1.7 wethich transformer primary in parallel with
the capacitor in the tank circuit. The transfornseconstructed out of ferrite I-bars and has

single layer primary and secondary windings. Thesare magnetically independent.
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Figure 1.7 Resonant primary tank circuit
The transformer secondaries are connected in gpMdgy, with the Y point floating, and are
connected to a three phase rectifier. Output veliagontrolled by adjusting both the phase
between the primary voltage and current as wethaguty cycle of the input waveform. In
order to minimize switching losses, soft switchisgobtained by using ZCS during IGBT
turn on and ZVS during IGBT turn off. ZCS at thadéeng edge is ensured by phase shifting
the drive waveform so the IGBT turns on during eatrzero cross, while output voltage
control is established by PWM of the width of thdge. Input dc link capacitor bank voltage
is adjusted so that the lagging edge of the IGBIEguoccurs when the primary current is

being commuted by the antiparallel diode and zesitching occurs as shown in Figure 1.8.
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Figure 1.8 IGBT current and tank voltage[9].

The output of the rectifier feeds an LC lowpasgefilas shown in Figure 1.9 that acts
both to reduce harmonic noise and ripple but atstha output DC link storage capacitor.

The klystron load is connected to the supply byax@l transmission line.

] 1 .
1 v v Y2 i _'\_I:r :_\
. 1o v,
v ¢ —
PHASE1 [ _>—¢ o Z0 =50
PHASE2 [ - 3: R2
PHASES [ =
v v J7
T T 7T
=
LC LOW PASS Klystron
FILTER Load

Figure 1.9 Output LC filter.

Research at E2V technologies has shown that klystathode damage can occur if
deposited energy during an arc exceeds approxiynda@l [9]. A crowbar circuit has been
connected across the power supply output to stiargdsenergy in the LC filter’s capacitor
in the event of a tube arc. An unfortunate sidecatfbf using an LC filter is that the filter’s

capacitor is directly connected in parallel acrdiss klystron tube with minimal series
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inductance between the capacitor and the loadellyencreasing the fraction of energy that

can be dissipated into the tube before the crowipeuit fires.



20

1.4 Harmonic Mitigation

Reduction of switching noise and ripple in the atitpvaveform is an important
consideration when driving klystron tubes, sinceftilbe’s gain is a function of input voltage
and current: such fluctuations in input voltagel wabkult in fluctuation in RF gain generating
a noisy output. Several methods of harmonic mitbgatay be implemented to reduce noise
and output ripple in an SMPS. The main source ahbaic noise in a three phase SMPS is
the 8" harmonic of the switching frequency, generatedhaythree phase full wave rectifier.
Elimination of the & harmonic will greatly reduce output voltage rippkurther it is
important to insure that the amplitudes of the sdaoy voltages are equal of the system will
produce i and 2% harmonic ripple as well [4].

The most basic methods of reducing ripple involveseasing parallel capacitance on
the output DC link, however this introduces manylesirable characteristics to a SMPS
driving a Klystron that requires rapid output psls€he increased capacitance provides more
stored energy on the output bus that may damagklye&on in the event of an output arc
[9]. Further the increased capacitance increasesiske and fall time of the pulse, wasting
power and generating unnecessary heating of trstrily collector.

Another basic form of ripple control is an LC lovags filter [8]. Such filters rapidly
reduce harmonic noise above their cutoff frequeroyyvever to provide sufficient ripple
reduction, the size of the parallel capacitor woirldrease rise time or may damage a
klystron tube in the event of an internal arc, égr requiring the use of an output crowbar

circuit.
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A shunt LC harmonic filter may be connected actbgsoutput and tuned to selectively
filter the 6" harmonic, however this filter losses effectivenesgay from its resonant
frequency, potently increasing noise if frequensyaries to stabilize output voltage. If the
input capacitor bank is sufficient large, the swiibg frequency range may be placed near to
the filter resonance at all times allowing thesfilto reduce ' harmonic noise effectively.

Reduction in harmonics and ripples was obtainedtbizing a pi-R filter in the output,
constructed by placing a 6 ohm resistor in serigls the output of the rectifier stack and an
LC pi filter on the output. Pi-R filters have begmown to greatly reduce output ripple while
allowing fast rise times [3]. An additional benedit pi-R filters is the ability to limit dl/dt
during an output arc [7] thereby protecting theskign from damage and increasing the

probability that the fault will self-clear beforee resonator is de-Qed.
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1.5 Summary

Techniques for designing high voltage, high powesonant SMPS have been
presented in this chapter. The first section prieseseveral designs of high power SMPS,
and high voltage SMPS topologies. It was genehcluded most high voltage high power
systems utilize either closely coupled transformaperating at 60Hz or loosely coupled
resonant transformers with nano-crystalline corpsrating at frequencies around 20kHz.
The higher operating frequency allows a considgrabialler power conversion system that
operates at higher efficiencies due to reduced tmsses. The utilization of a resonant
transformer system allows a boost ratio higher tthenturns ratio, and the capability to
utilize soft switching to greatly reduce switchilogses.

The second section presented designs and chastcserof loosely coupled
transformers, different varieties of primary andaelary compensation, and methods of
increasing power transfer.

The third section covers an in depth review of nesth SMPS power converters,
including a designs of three phase resonant ctergdouilt at Los Alamos National Lab and
E2V technologies, and results of their testing.

The fourth section presented techniques of harmonmiigation, their benefits and
drawbacks. It was concluded that increasing pdrallgput capacitance is not a feasible
option due to the decreased rise time and potetatidamage attached klystron loads in the
event of an arc fault. Ideal candidates for harmaeduction include pi-R filters and LC

harmonic filters due to their low energy storage.
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Chapter 2 Power Supply Design Overview

This chapter presents an overview of the desiguairegents and components available
to construct the power supply presented herein. fifeesection presents the requirements
and design constraints for construction of the poswgpply. Requirements on the power
supply include output voltage and current capaédjtfault tolerance, output voltage range,
output stability, pulse duration, serviceabilitygfety, tolerance for voltage droop on the
capacitor bank, and external control of paramet@esign constraints include the use of
certain transformer cores, IGBTS, rectifier diodacks, and capacitor banks which were
either donated to the project or were availables@plus. The second section presents a

summary of the chosen design and the reasonsrcéetdures were selected.
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2.1 Design Requirementsand Constraints

The power supply presented in this thesis is desiga power a klystron amplifier for a
fusion power research experiment. The klystronuastion requires a cathode potential of -
75kV and draws 40A of current, yielding a nomimapedance of 18750hms. The klystron
presents to a good approximation, a constant, ypuedistive load with current linear to
voltage within the rated operating range. Due tacepconstraints within the experimental
area the power supply is required to have a comghagign and be located approximately
30ft from the klystron tube which it powers. Foifetg the power supply and associated
capacitor banks must be located in a caged ardanvitie experimental area; however the
system’s output must be variable necessitating termontrol over a computer terminal. To
be placed into the requisite location in the engiimg bay, the power supply must be lifted
into position using a ceiling crane, favoring atigveight, modular design.

Due to the presence of high strength pulsed magfielis in the area, the power supply
must not generate any ground loops when electyicalhnected to the experiment, requiring
that all connections maintain galvanic isolationueDto this requirement, all i/o lines
connecting the power supply to the control systemstrbe fiber optic, the secondary side of
the power supply must get its ground from the kbsttube, and all voltage and current
sensors must be galvanically isolated from therobsystem.

The klystron tube being powered is designed formillisecond pulses, however for this
experiment; the tube will be required to producdQms pulse, in excess of its design

specifications. Although this is permissible whesing short duty cycles, it is probable that
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the tube will occasionally arc internally. The strenergy in the power supply secondary
must be sufficiently small so that no damage weltwr to the tube. Further the power supply
must be able to tolerate an arc fault that refladiggh voltage pulse back up the transmission
line without damage. As the klystron gain is sewmsito voltage fluctuations, output ripple
and harmonics must be minimized.

Due to budget constraints, a number of pats onptiveer supply were recycled from
previous experiments, or donated to the projecttBNL. The main capacitor bank is
comprised of 450V electrolytic capacitors, eachhwaapacitances of 1.8uF, 2uF or 2.4uF
restricting the bank voltages to multiples of 450\he capacitors were mounted in racks,
with each rack containing 8 trays, with each traptaining 35 electrolytic capacitors. The
bank has a total capacitance of 0.3F when confijurea 900V arraignment. Due to the
configuration of the bus bars connecting the trayis easiest to configure the bank in the
900V configuration. A hipotronics high voltage paveeipply was obtained to charge the dc
link input capacitor bank, capable of charginglthek to 900V.

A set of 20 matching Mitsubishi CM1200HB-66H IGBW&as donated, each rated at
3.3kV and 1.2kA with a rated pulse current of 2.4k4, of these 12 are used to construct a
set of 3 full h-bridges. In addition, a number 6k¥ 0.05uF Mylar foil capacitors, four low
ESL IGBT bypass capacitors rated at 4kV, 10uF &mHLESL, three nano-crystalline iron
cores with a length and width of 9.5” by 14” withceoss section of 2.5” by 1.75”, and a

three phase full wave rectifier assembly were dimated.
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2.2 Summary

This chapter presented the available parts, reap@inés, and constraints on the power
supply described herein. These components andresgents formed the basis of the power
supply design and governed the physical layout,edsions and electrical parameters
chosen. An electrolytic capacitor bank powered ghpmhase resonant topology with
independently driven primaries and Y connected lfgreesonant secondaries was chosen.
The secondaries are connected to a doubling thraseprectifier, with a pi and"garmonic
shunt LC filters to reduce output ripple. The kigstload is connected to the power supply
through RG-8/U coaxial cable and has an LR snubbseries and a triggerable spark gap
snubber in parallel. The system is controlled vetfiber optically coupled microcontroller
with galvanically isolated analog inputs for feedba@ontrol and fiber optic communication

to the control computer.
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Chapter 3 Power Supply Design

This chapter presents the design of the resonawempasupply including power
electronics, magnetics, filtering, crowbar and drerbThe first section presents an overview
and block diagram of the power supply hardware. §dend section presents the connection
and control of the capacitor charging power supphe third section presents the design and
construction of a smaller short pulse capacitorkdan safely testing the power supply and
conditioning the Kklystron tube. The fourth sectascribes the design and construction of
the long pulse capacitor bank including the eldgti® capacitors, capacitor fuses and
connection to the bus plates, and the interconmedt the power supply. The fifth section
presents the design of the IGBT switching netwaisktopology, the connection from the
capacitor bank, the low ESL stiffening capaciteréow inductance switching relay designed
to disconnect the capacitor bank from the IGBT mekythe low inductance bus plates and
their insulation, the IGBTs and their gate driveasid the connection to the resonant
transformer primaries. The sixth section provideoaarview of the transformer design, its
nano-crystalline iron core, the design of its wigd, the enclosure and insulation of its
secondary winding within dedicated oil tanks, teedthrough and cable connections to the
transformers, the connection of the parallel resbneapacitors, and testing of the
transformer’s transfer function. The seventh secpoesents an overview of the doubling

three phase rectifier configuration. The eight isecpresents filter networks for harmonic
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mitigation. The ninth section presents safety systeo protect the klystron load including an

LR snubber and crowbar spark gap. The tenth sestiormarizes the chapter.
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3.1 Overview and Block Diagram

The power supply is arraigned in an easily sendeeamodular design, consisting of a
charging supply, a capacitor bank, three h-bridgja®e resonant transformers, a doubling

three phase rectifier, an output filter and a cardystem as shown in Figure 3.1.

Control System

[ |
| ) 1 1
r————w -
Charging Capacitor 3X 3X Resocnant 3 Phase Doubler Filters Load
Supply Bank H-Bridge Transformer Rectifier Capacitors

Figure 3.1 Power Supply Block Diagram.

The capacitor bank charging supply charges thecttmpdank to 900V between pulses,
ensuring acceptable voltage bounds during the piilse input DC link capacitor bank is
mounted in three racks, configured as a 900V, @&krk with each electrolytic capacitor
connecting to the bank’s bus plates using a stsnhare fuse that will open in the event of
an internal short. The bank connects to the poweply using twisted pair wires which plug
into the low inductance bus plates holding the IGBThe bus plate is connected directly to
the low ESL capacitors, providing the IGBTs a 9T voltage source on the poles of the h-
bridges. The bus plate holds three full h-bridgemch driving the primary of a resonant
transformer. The primaries of the transformersedeetrically independent and the cores are

magnetically independent. The secondaries are mesigvith high leakage inductance, a
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parallel resonator capacitor and are connected Yhtapology to a doubling three phase
rectifier. The output of the supply is optionallitdred by a pi and harmonic filter to reduce
ripple and harmonic noise. The klystron load isreted to the supply by a 20-30ft long
RG-8U coaxial cable. An RL snubber is placed inesewith the klystron to protect the tube
in the event of an internal arc and prevent HV grants from being reflected down the
transmission line. A triggerable spark gap is placeparallel with the klystron to crowbar
the output in the event of an internal arc. The @osupply is controlled by a microcontroller
based control system that varies switching frequettc stabilize voltage output. The
microcontroller varies switching frequency as achion of capacitor bank and output

voltage. A picture of the power supply is presentelligure 3.2.

g’ : Jﬂf@‘@'

Figure 3.2 Resonant power supply in construction.
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3.2 Capacitor Charging Power Supply

The capacitor bank charging supply charges theatimpdank to 900V between pulses,
which will be taken at very low duty cycle; one 1®mulse approximately every 2-4
minutes. Due to the low duty cycle, the charge naég be very slow, and the use of a linear
power supply using hysteresis control is acceptabdlhipotronics 805-1A power supply as
shown in Figure 3.3 capable of 1A output in the tAhge will be used to charge the

capacitor bank.

Figure 3.3 Hipotronics power supply.

The power supply is capable of being run directbnf the AC mains and contains an

internal control system to regulate output voltahee power supply features operation off of
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a 208/230VAC three phase input, 10% regulation amder 5% ripple [B]. Given that the
power supply’s voltage rating exceeds the voltagpiired on the bank, and the supply has
current limiting, constant current charging mayutézed. The time to charge the capacitor

bank is given by (3.1).
T=—- (3.2)

For a 900V, 0.3F capacitor bank and 1A chargingetur the power supply will be able to
charge the bank from 0V to full voltage within 276 4.5 minutes. During cycling, the
voltage droop on the bank will be a small fractafrihe bank voltage allowing faster charge

times between shots.
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3.3 Testing Capacitor Bank

In order to safely test the power supply duringedlepment, it was necessary to construct
a smaller, lower capacitor bank to minimize stoee@rgy. A testing bank consisting of 24

450V, 6.2mF capacitors configured into a 900V, 3mRkk as shown in Figure 3.4.

Figure 3.4 Testing capacitor bank.

The bank is charged by an internal rectified mia@eg oven transformer, with bank voltage
being controlled by a hysteresis controller. Thetaaler uses a comparator circuit to turn on
the microwave oven transformer if bank voltage &olv the preset voltage value. The
system is designed to have 10V hysteresis.

The capacitors are interconnected with copperldaws and the bank is connected to

the power supply with four 10 gauge wires twistedether to reduce inductance. The
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voltage droop on the capacitor bank may be soleedrbm the dissipated pulse energy,

stored bank energy and power supply efficiencyeas $n equation (3.2).

E Vol o T
Vf :\/i 1- pulse =Vi 1- out ' out * pulse (32)
A=y ’7(1/ Z)CVi2

Assuming output voltage and current are constaattdueedback control, and that the
rise time is negligible, the voltage droop on tlagacitor bank can be plotted vs pulse time,
as shown in Figure 3.5. See matlab code in [G];
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Figure 3.5 Testing bank voltage droop.
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3.4 Long Pulse Capacitor Bank

An increased capacitance will be required to extdrel pulse duration to 10ms and
beyond in order to reduce the voltage droop dutiregpulse to acceptable levels. The main
capacitor bank consists of 450V electrolytic cajmasi each with capacitances of 1.8uF, 2uF
or 2.4uF. The capacitors are mounted in racks, eaith rack containing 8 trays, with each
tray containing 35 electrolytic capacitors. The lbdras a total capacitance of 0.3F when
configured in a 900V arraignment. Each tray is emed to a set of bus bars on the back of
the rack, and each capacitor is connected to #ys through a stainless wire fuse to prevent
the bank charge from being shunted through a siogpacitor in the event of an internal
short. Assuming output voltage and current are teoiglue to feedback control, and that the
rise time is negligible, the voltage droop on tlapacitor bank can be plotted vs pulse time,
as shown in Figure 3.6.
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Figure 3.6 Main bank voltage droop.



36

3.4.1 Electrolytic Capacitors

The main capacitor bank consists of 450V electiolgapacitors, each with capacitances
of 1.8mF, 2mF or 2.4mF as shown in Figure 3.7. &reapacitors were arraigned into trays
of 35 capacitors in three racks, with two rackstaoring all capacitors connected in parallel
and the third rack containing two electrically sgpp@ banks. During construction it was
ensured that each of the two larger banks andwbesimaller banks has equal capacitance.
The two half rack banks are placed in parallel wifith two full rack banks, and then placed

in series with each other forming a 900V 0.3F cédpabank.

Figure 3.7 Main bank capacitors.

3.4.2 Capacitor Fuses

Due to the possibility of a capacitor failure ahé parallel connection of the capacitors

in the bank it is necessary to individually fusete@apacitor such that in the event of a
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capacitor developing an internal short, the enafgthe entire bank is not shunted through
the failed capacitor.

Each capacitor is connected to an aluminum tra wite terminal and a bus bar above
the tray through the wire fuse. The capacitor fusassist of a stainless connecting wire
between each capacitor and the bus bars on eacthatawill melt open in the event of an

internal short, as shown in Figure 3.8.

Figure 3.8 Capacitor bank fuses.

3.4.3 Capacitor Bank Bus Plates

Each capacitor tray is connected to a set of \@rbias bars in the rear of the rack as
shown in Figure 3.9 allowing the trays to be eieatly connected in parallel. One bus bar is

connected to the base of the aluminum trays, wheeother vertical bus bar connects to the
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bus bars on each tray. Each bus bar is connectddwtagauge interconnect cable that

connects the capacitor bank racks to each othetaatieg power supply.

AR

A\ y

Figure 3.9 Capacitor bank bus bars.

3.4.4 Capacitor Bank Interconnect Cables

The capacitor banks are connected to the powenssppw inductance buss plate over
a set of four twisted wires in order to minimiz&uctance while allowing flexibility in the
location of the banks with respect to the powerpyupThe effects of any inductance
contributed by the interconnect cables are minithizg the DC link stiffening capacitors on

the power supply.
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3.5 Switching Network Design

The switching network for this power supply corsist 12 Mitsubishi CM1200HB-66H
IGBTs arraigned in three independent h-bridgesh eadng the primary of a resonant
transformer. The use of a low inductance bus gat@ount the IGBTs and the use of low
ESL DC link stiffening capacitors allows snubbeslesperation near the transformer’s

resonant frequency

3.5.1 Topology

The IGBTs on the bus plate are arraigned in a ltfiridge configuration with each

transformer being independently driven as showkigaire 3.10.

a1 Q3
1 |
c7 . PHASE? PRI 1
= PHASE? PRI 2
Q2 Q4
=0

UNIPOLAR X3 IGET
CAPACITOR H-BRIDGE
BANK

Figure 3.10 H-Bridge Topology.
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Each IGBT has an antiparallel diode capable of catmyg current during zero voltage

switching during certain operating modes. Due ® lthw inductance of the bus plates that
the IGBTs are mounted on and the presence of th&iRGtiffening capacitors, snubberless

operation is possible without ringing or high vgkaspikes during switching events.

3.5.2 Cablelnterconnects From Capacitor Bank

Copper blocks located at the terminals of the loductance bus plate allow connection

of the capacitor bank cables to the power suppbihasvn in Figure 3.11.

Figure 3.11 Capacitor bank interconnects.

The copper blocks have holes drilled to match tersized banana plugs on the end of
the cables. The testing bank connects with two svper terminal while the main bank

connects with eight as shown in Figure 3.12.



41

Figure 3.12 Main capacitor bank interconnect block

3.5.3 Low ESL Stiffening Capacitor Bank

Transition between the higher inductance electiolgapacitor bank and the low
inductance buss plates on the power supply reqtheesse of low ESL stiffening capacitors
on the input DC link. A set of four General Atomi83547 low ESL capacitors rated at
4kVDC, 10uF, and 10nH previously used at LANL wased as bypass capacitors [10]. The
capacitors are each rated to handle high transienments of up to 4kA, and high rms
currents of 100+ amps. The capacitors are connediexttly to the ends of the low
inductance buss plates. In addition, a small 9GWF capacitor bank is added to the buss

plates to further increase capacitance as showigure 3.13
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Figure 3.13 IGBT bypass capacitor connection.

3.5.4 Low Inductance Relay

A low inductance relay has been designed to ses\&eraaster connect/disconnect switch
capable of carrying the full current while mainfagn a low inductance current path. The
relay consists of a pair of 16.5” wide bus plategasated by a 1/16” of insulating G10-FR4
fiberglass. The top bus plate consists of a spiui and output segment that can be
connected and disconnected by physically pulling ekrerlapping segments of the busbar

together as shown in Figure 3.14.

Figure 3.14 Low inductance relay.
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The output busbar is rolled into a curved shapethsd with no pressure on it, it will
disconnect from the input busbar. A pair of higlestjth mechanical AC relays connects the
circuit by pulling a fiberglass bar against the tags plate. The fiberglass bar is machined
into a curved shape along its length and jacketitkd avsilicone boot to compensating for
any deflection under stress and providing equadqune to the busbar along its contact area.
In this design the input and output busbars ovdsappproximately 0.75” allowing the relay

to carry the full power supply current. Dimensiarfishe relay busbar plates are given in [D].

3.5.5 Low Inductance |GBT Busbars

A voltage stiff source must be provided acrosstéiminals of the IGBTs requiring a low
inductance DC link. The IGBT busbars are desigredrovide the minimum possible
inductance, while allowing high current capabiliphyysical rigidity, capability to connect to
both the transformer primaries and low inductaretayr with minimal added inductance and
a large safety margin on insulation voltage stahddfmensions of the busbar plates are
given in [E].

The IGBTs are arraigned into two modules, with eawdule containing three half h-
bridges. Each module consists of an aluminum mate which the six IGBTs are attached.
The IGBT gate drives connect directly to the IGBBdules and the associated wiring is
shielded from the input and output busbars witlil®"1polycarbonate sheet. A set of 0.75”
OD, 0.375” ID copper standoffs connect to the outiguminals of the IGBTs through the

polycarbonate insulating plates and connect tathput busbars which are then bolted down
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to the IGBT modules as shown in Figure 3.15. Aklisar components are made out ov 1/16”

thick oxygen free copper (OFC).

Figure 3.15 IGBT output busbars.
A second layer of 1/16” polycarbonate insulatiorplisced on top of the output busbars
followed by the positive input busbar, which corseo the IGBTs with copper standoffs,
followed by a third layer of polycarbonate insubatiand the negative busbar as shown in

Figure 3.16.

Figure 3.16 Input busbars.

Additional insulation between the busbars is acd@hed by placing silicone o-rings

between the layers of polycarbonate insulatiorhsd when the busbars are tightened down,
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the o-ring is compressed between the insulatioartaforming an air tight seal. Additionally,
overhang of the insulation layers increases thie patween conductors, thereby reducing the

possibility of arc tracking as shown in Figure 3.17

Figure 3.17 Busbar layer cross section.

The two IGBT modules bolt together face to facehvtiie positive busbars connecting
with flanges near the output busbar terminals &edntegative busbars connecting near the
low inductance relay. The two output busbars fgiven transformer are now located very
close together, allowing a low inductance connectithe completed IGBT module bolts to
the low inductance relay with flanged connecticagywing a low inductance connection.
The insulation layers of the relay and IGBT modwerlay by 0.25” preventing arc tracking
at the flange connection as shown in Figure 3.18fl&xge connections use pre-stressed

aluminum compression bars to provide uniform facess the flange.



Figure 3.18 IGBT module connection flanges.

3.5.6 IGBTsand GateDrivers

The IGBTs used to assemble the h-bridges are MgsulcM1200HB-66H modules
rated at 3.3kV, 1.2kA continuous current 2.4kA pdliscurrent as shown in Figure 3.19.
Testing at LANL has shown that these IGBTs can eddbe pulsed current rating for short
duty cycle pulses used in these resonant poweiisgpphen soft switching is used to limit

junction power dissipation.

Figure 3.19 Mitsubishi CM1200HB-66H.
The IGBT gate drive signal was provided by a set8D536F2-CM1200HB-66H gate

drive modules manufactured by CT concepts. Thesedjavers are matched to the electrical
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requirements of the IGBT and offer a plug and @ajution. Each module can provide +-
36A of gate drive current and had 6kV isolationwen any IGBT terminal and the DC
power connection. Further, control and feedbackhee modules is accomplished with a
fiber optic interface, allowing galvanic isolatiand immunity to electrical noise. The drivers

allow the IGBT to achieve 15ns rise time and 2@dstime. Full specifications are given in

[F].

3.5.7 Transformer Connections

A set of intermediate busses connect the IGBT tevemodule to the resonant
transformers. The transformer bus connections @salated with a sheet of fiber coated
Mylar “whitepaper”, allowing for a low inductanceaih to be maintained as shown in Figure

3.20.

Figure 3.20 Transformer connections.
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3.6 Transformer Design

A high power step up resonant transformer systemlwen designed for use on the
power supply. The transformer is configured witlkectlically independent primaries and
resonant secondaries connected in a Y configurafitath secondary has a dedicated

resonator capacitor connected in parallel acrassvthding as shown in Figure 3.21.

Co—gje 1
PHASE 1 PRI 1 3 = c4—T—
=
PHASE1PRI2Z % T
= A= [ =PHASE 1
= 13 2 ¢—{ >PHASE2
PHASE 2 PRI 1 = ce 1
o >PHASE 3
PHASE2PRIZ _ <~ _
- A= . Y POINT
T4 3
. 1 .
PHASE 3 PRI 1 § e - 1
-
PHASE 3 PRI 2 Al T
L= — ==
Resonant
Secondary

Figure 3.21 Resonant transformer configuration.

3.6.1 Overview

The resonant transformer is designed to provideufiicent secondary leakage
inductance to use in a resonant circuit by desmgridoosely coupled secondary winding.
The transformer is based on a nano-crystalline icone that has a large magnetic
permeability, thereby providing sufficient volt secls for high power transfer while

allowing low loss at high frequency operation. ghtily wound 10 turn primary is connected
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to the IGBT inverter while a loosely wound seconydaas enough privatized magnetic flux
to provide a sufficiently large leakage inductariach secondary winding is enclosed in a

dedicated oil tank for insulation and corona suggien. The transformer is pictures in

Figure 3.22 and its mechanical design is presantédyure 3.23.

Figure 3.22 Resonant transformer.
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Figure 3.23 Resonant transformer design.

3.6.2 Nano-crystallinelron Core

A set of three identical nano-crystalline iron congere donated to the project by
LANL. Each core has properties as given in Table &d dimensions as given in
Figure 3.24. Testing determined that the coresrai@at 5.4E-3 Volt Seconds per
turn full swing, sufficient for operation at 90020kHz with a ten turn primary,

requiring 4.5E-3 Volt Seconds per turn.
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Table 3-1 Transformer Core Characteristics [4]

Mu 50,000
Lamination Thickness .0008"
Lamination Insulation 1 uM Namlite

Stacking Factor ~90%
Bsat 12.3 kG
Current Saturation 5.4E-3 VoltSec/turn
Core Weight (our use) ~95 lbs

9.0000" 14 .0000"

2.5000"

B E

Figure 3.24 Transformer core dimensions.

3.6.3 Primary Winding

The transformer primary consists of a pair of 1 twindings on each side of the core.

Each winding used a 1/32” thick, 0.5” wide coppteas, wound in a helical manner around a
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0.25” thick polycarbonate coil form. The primary psctured in Figure 3.25 and has

mechanical dimensions as given in Figure 3.26.

Figure 3.25 Transformer primary.

)
r3.1250" >‘
—;
1.3750" [ 2.3750" | sl 537500
0.5000" L—»‘
2.0000" 0.2500"
_ Y

Figure 3.26 Transformer primary dimensions.

3.6.4 Secondary Winding Enclosure

Due to the high frequency, high voltage operattbe,secondary is susceptible to corona

formation, potentially leading to arcing. To prevéehis, each secondary in enclosed in a
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dedicated oil tank with dimensions as shown in F@ga127. The oil tanks may be evacuated

during oil filling to prevent air bubbles from beitrapped in the windings.

8.0000"

0.1250"

i‘ 5.5000" ‘

9:6259" 0.7500"
1.0000" : O-ring groove: /: i
0.2" wid
0:2" Heptl 1"ID bored holes,
4.7500" / centered
P i T /
2 ey /
— =
P Y /
A "5 /
y 1.0000" ’
/ / (1
/ / ,’/ \ f/ 5.8125"
| I 1/4-20 tgpped ¥ A \
‘u ‘J f through hole \‘ \‘ \‘
a-o000m - T " 8.1250"
R . 3.5000 .
VoL /)
\ \ / / 7N
\ @ ,.
y . % \_ 2.3125
\ e

g

e

FB-OOOO" 4"

Figure 3.27 Oil tank dimensions

3.6.5 Secondary Winding

Each transformer has two loosely coupled secorglac@nected electrically in parallel.
Each secondary winding is wound around a 6.5” dianeVC coil form and consists of two
layers of 22ga copper magnet wire connected etadliyiin parallel with a layer of Mylar
foil insulation between them. Each secondary ha6 fi8ns. The secondary winding
dimensions and a picture are shown in Figure 3[28&. interior of the secondaries are lined
with several axial lines of conductive copper tapeich are then grounded to prevent
capacitive coupling through the coil form from geatang corona in the interior of the

secondary oil tank.
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ris.sooo" ﬂ

7.7500"

Trim down existing pipe to
6.5"0D

Figure 3.28 Transformer secondaries.

3.6.6 Oil Tank Feedthroughs

A set of high voltage oil tank feedthroughs haveerbedesigned to connect the
transformer secondaries to the resonator capabéoks. The feedthroughs must provide
adequate high voltage insulation between the twaitels, and other conductive objects in

near proximity. The oil tank feedthroughs are shawrFigure 3.29 and a CAD of the

assembly is shown in Figure 3.30.

Figure 3.29 Oil tank feedthroughs.
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Figure 3.30 Assembled oil tank components.

Each feedthrough consists of a polycarbonate taosihg an aluminum plug as shown
in Figure 3.31. The aluminum plug maintains anse#l to the polycarbonate tube with an o-
ring and has a 6-32 thread on the interior forcaitag to the secondary winding and a banana

plug socket for connecting to the associated cgblin

1.1250" 1.5000" 6-32 thread 0.5"
depth

0.17" dia hole

0.625 depth

Conical bottom OK 0.7500"
v I A

1/16" 0.2" width by 0.1" depth 1/16"
curvature o-ring grooves curvature

Figure 3.31 Aluminum plug.

The polycarbonate tubes are physically supportedabgolycarbonate block with a
matching radius to the oil tank that allows theckléo be glued to the surface as shown in
Figure 3.32. All polycarbonate components are weltether using ethylene dichloride

solvent.
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Figure 3.32 Polycarbonate tubes and supports.

The transformers are assembled between a paiberfglass support plates which bolt to
the secondary oil tanks and hold the cores in plBimensions for the support plate are

given in Figure 3.33.

1.0000" 15.75n
0.2500"  3.0625" 7.8125" 11.1875" 15.9375" 18.00" 19.00"
T T T T T Ll
0.77 A i o o o oo
275" 1.8125"
4.37 3.6875"
Y J \ | |
4.75" olille) e} ‘ ‘ (@) A [e] ‘ ‘ e} o o
5.50"
\
\
3.50"  4.6875" 7.3125" \11.6875" 14.3125" 15.50"
0.275" slot, rounded ends, use 3/8
endmill

Figure 3.33 Transformer support plate.
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3.6.7 Parallel Resonator Capacitor

The secondaries of each transformer are conneotgarallel with a 0.05uF resonator
capacitor assembly. Each assembly consists of 564V, 0.05uF Mylar foil capacitors
connected in a series-parallel configuration tawba 100kV rating as shown in Figure 3.34.
A set of rounded corona disks as shown in Figug® 3nay be placed on the ends of the

capacitors to reduce the risk of arcing.

Figure 3.34 Resonator capacitor assembly.
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" radius

1/4-20 tapped

Figure 3.35 Corona disk.

3.6.8 Variation of Frequency, Turns Ratio, and L oad Resistance

Several iterations of transformer secondaries wested during the design process.
Secondary turn numbers between 76 and 156 wessltbstween 1kHz and 30kHz with load
resistances between lohm and 60kohm. The frequersponses for transformers with a
1.8kohm load are presented in Figure 3.36, andiénecy responses for transformers with a
8200hm load are presented in Figure 3.37. Far dway the resonant frequency, the boost
ratio equals the turns ratio, while near resonatiee poost ratio is significantly higher than

the turns ratio. Plots are generated with the roattale found in [G].
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Figure 3.36 1.8kohm frequency responses.
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Figure 3.37 8200hm frequency responses.
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Several analytical models for leakage inductancehef secondary were compared to
measurements from the transformer. These analytreadels include the long solenoid

approximation (3.3), the long solenoid approximatiwith area compensation (3.4) where
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the area of the magnetic core is subtracted froenatea of the secondary, making the
approximation that magnetic flux is excluded frohe tcore when measuring leakage
inductance with a shorted primary. A second modelttie inductance of a short solenoid
was derived by wheeler in [11] and [12] is given (3/5), with the corresponding area
compensated version given by (3.6). The lengthhefdoil, h, is given by (3.7) so that the

inductance formulas may be evaluated in terms of N.

LU, N*A
=fo 3.3
L|0n9 hcoil ( )
L|0ng - IUON (A_Abore) (34)
hooil
10u,N2A (35)

R T

104, N (A_ Acore)
LWheeler ) (grcoil + 1mcoil) (36)

i = N+Dyie (3.7)
The evaluation of these formulas is computed inlabaand plotted against measured
values of inductance in Figure 3.38. The wheelentda with area compensation is a nearly
an exact match to the measured values of inductaseote that in the matlab code, the
formulas are multiplied by 0.5 since there is aafd@r connection of the two separate

secondary coils, thus halving the inductance.
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Figure 3.38 Leakage inductance models.

Analytical and numerical models for the transforsméransfer function were derived
and compared to measured data. The final versidineafransformer was chosen to have 136
turns, resulting in a primary leakage inductanc®&wf, primary magnetizing inductance of
1.69mH, secondary leakage inductance of 1.36mH ,aaselcondary series resistance of 1.2

ohms. A spice model of the transformer is presemddgure 3.39.

L4 BuH LS 1.28mH R4 1.2c0hm
1 ey 2 TS 1 L2 A :
2 LAY \\.
Vbank (377 L8 2 ca < RS
Ly t‘ 1.88mH _<' ( T D.05uF 1 1.8k
[ . e
1:N

Primary Ideal 1:N Secondary Resonant Load

Leakage and Transformer Leakage Capacitor Resistor

Magnitizing

Inductance

Figure 3.39 Transformer model
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A simplified model of the transformer may be ob&minby approximating that the
magnetizing inductance is infinite, which remairadidl as long as the transformers are run
without saturating the cores, that primary resistaand leakage inductance is negligibly, and
that the cores are magnetically lossless. The systay then be modeled as a resonant LC
tank circuit driven by a voltage equal to the pniyn@oltage times the turns ratio as shown in

Figure 3.40. The spice simulation of this modedrissented in Figure 3.41.

RT 1.2ohm

—
L

_3E6mH
NVbark |
Wae /o
Ovde

Y “‘ﬁj_,

C

ca
—— 0.05uF < RE
= 1.8k

Secondary
Reffered
Simplified
Model

Load
Eesistor

Figure 3.40 Simplified transformer model.
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Figure 3.41 Spice simulation of simplified model.

The transfer function for the simplified model mag found analytically, with the total

impedance seen by the voltage source given by &@}the voltage gain given by (3.9).

I:ioad
. jaC
Z(C()) = |%nductor + jC()L + J 1 (38)
I:ioad t—
jaC
I:ioad
— Vsec — N j&ﬁ
G(w) =y 2 (@) I (3.9)
P I:ioad t—
jaC

The plot of the transfer function closely matchies mmeasured data as plotted in Figure
3.42 with the only difference being a slightly heghboost ratio at resonance which may be

attributed to the transfer function neglecting &sssThis is further illustrated in a plot of the
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maximum boost ratio at resonance for a given twmmbver as shown in Figure 3.43 and the

boost ratio at resonance for varying load resigaas shown in Figure 3.44.
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Figure 3.42 Comparison of transfer function and snead data.

—— R=1800 ohm Max Boost

1800 ohm Max Transfer Fcn
820 ohm Max Boost

820 ohm

R=

—+— R

Max Transfer Fcn

R=

160

140

olrey jsoogd

Secondary Turns

Figure 3.43 Maximum boost ratio vs turns.
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Figure 3.44 Boost ratio at resonance for varyirggllcesistance.

The resonant frequency for the simplified systeny tma modeled analytically as (3.10).
The analytical model matches the measured resdnaauiencies with great accuracy as

plotted in Figure 3.45.

1 1 1
+

e . S S 3.10
= 2m\LC (RC)2 (3.10)
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Figure 3.45 Measured and calculated resonant frexyue

The analytical models found for the loosely cougladisformer system accurately match
measured values and numerical simulations and reayskd to design the turns ratios of
such systems in the future. Such models will gye&ttiuce the design time of such systems
by allowing the elimination of trial and error appches to loosely coupled resonant

transformer design.
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3.7 Doubling 3 Phase Rectifier

A doubling three phase rectifier is used to furtimerease the boost ratio of the system,
compensating for the reduction in boost ratio t@urs when connecting the transformers to
a capacitively loaded rectifier. A diagram of tleetifier configuration is presented in Figure
3.46 where the three transformers are connectea ¥ configuration with the Y point

connected to the midpoint of a capacitor bank actios output.

Transmission Line
RG-8/U Z=50chm
Td=1.2ns/ft

C=24 .6pF/ft
L=0.5%uH/ft

Ti , R3 50 L3 3mH
[ fl | MM 1 vy
I e N Doy
¥ 5 - c1 / e
0.1uF TD = 10us L2 400uF
PHASE1 [__>—+% Z0=350 o
PHASE2Z [ = swi o\ s R
AL
PHASE 3 = c2 N
Y POINT — L L l T 0-1uF
=0
RL Spark Klystron
Doubler Snubber Cap Load

Figure 3.46 Doubling three phase rectifier.

3.7.1 Rectifier Stack Design

The rectifier stack is comprised of a series conae®f a number of 1.4kV, 75A diodes
providing a nominal rating of 160kV. The rectifisr capable of continuous operation when
immersed in oil; however for the low duty cycle cgaeon of this supply, they are capable of

running in air. The set of rectifiers is presenteéigure 3.47.
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Figure 3.47 Rectifier stack.

3.7.2 Doubling Configuration

The output of the rectifier connects to a 0.05W9KV capacitor bank consisting of four
75kV, 0.05uF capacitors connected in a series lpacanfiguration as shown in Figure 3.48.
Previously utilized Mylar foil capacitors with atéb bank rating of 100kV were damaged by
reflected HV pulsed on the transmission line durkigstron arcs; the newer capacitors

provide greater resistance to damage.



Figure 3.48 Doubler capacitors.
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3.8 Harmonic Mitigation

The power supply is required to produce low ripphethe output due the klystron’s gain

dependence on input voltage. Methods of harmoniigation

3.8.1 Capacitive Loading

Capacitive loading of the supply output by the deubcapacitors provides some
mitigation of ripple, however the capacitance cdrb®increased without adversely effecting
pulse rise time and potentially damaging the kbysttube during an arc due to the increase

in stored energy.

3.8.2 Parallel LC Harmonic Filter for 6th Harmonic Mitigation

The primary source of ripple is"harmonic from the three phase rectifier. A seti€s
circuit tuned to the switching frequency, and ptheeross the power supply output may be
used to selectively null out the sixth harmonic.eTt¢ircuit may be tunable to a given

harmonic frequency by use of a variable inductastasvn in Figure 3.49.



Figure 3.49 LC harmonic filter.

71



72

3.9 Safety Systems

Due to the possibility of a klystron arcing, sevesafety systems were added to the
supply to prevent damage to the klystron tube amadep supply. An RL snubber placed in
series with the tube will prevent an HV pulse frimming reflected on the coaxial cable
during an arc, and to some extent will limit enedjgsipated into the tube during such a
fault. A triggerable spark gap in parallel with thébe will rapidly crowbar tube voltage

during a fault, preventing arc damage from occugrrin

3.9.1 LR Snubber

The LR snubber is constructed with a 50o0hm resistgrarallel with a 400uH inductor.
The system is constructed by winding copper magvie¢ around a large carborundum
resistor, allowing the volume of both circuit elemseto be minimized as shown in Figure
3.50. The snubber is enclosed a PVC insulation fopesafety and mounted within the

klystron cabinet, close to the cathode terminals.
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Figure 3.50 LR snubber.

3.9.2 Crowbar Spark Gap

An innovative crowbar spark gap has been desigrigdtivee modes of triggering. The
spark gap consists of two 4” metal balls enclosdtiiva polycarbonate tube. Both balls
have trigger electrodes down the center with tleeigded ball’s trigger electrode connected
to an external source and the top trigger electmmeected to across a 3mH inductor in
series with the klystron tube. In event of an in&rarc, the rapid di/dt will fire the top
trigger electrode by providing a high voltage diffiece across the inductor. A 5nF capacitor
in series with the trigger electrode will prevenirrent from being shunted through the
trigger electrode. In the event of overvoltage, tdap will breakdown without a trigger
source. In the event that an arc is detected hystexternal equipment monitoring the
klystron RF output power, the bottom trigger eled& may be fired. The HV trigger pulse is

generated by an SCR discharging a capacitor thr@eugtep up transformer. The SCR is
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triggered by a fiber optic receiver. When the gagsf a current sense transformer sends an
output pulse on a fiber optic cable connected #ostipply’s control system, which will then
terminate power transfer. A schematic of the ggmrésented in Figure 3.51 and a picture of

the gap is presented in Figure 3.52
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Figure 3.51 Spark gap schematic.



Figure 3.52 Spark gap.
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3.10 Summary

This chapter presented the design of the resonawempsupply including power
electronics, magnetics, filtering, crowbar and smrb A capacitor charging power supply
was chosen to provide constant current charginiifyatm bring a 0.3F electrolytic capacitor
bank up to 900V. The capacitor bank is sized appatgly such that the voltage droop
during a 10ms pulse is acceptable. Each capasiiadividually fused for safety in the event
of an internal short. The power supply drives thengformers through a set of three
independent h-bridges and utilizes low inductanggblrs and DC link stiffing capacitors. A
low inductance relay is designed to disconnectcdygacitor bank from the IGBT network
when not pulsing. Gate drivers providing fiber opgolation and control as well as rapid
switching time were chosen for their plug and pfagictionality. The final design of a
resonant transformer, its nano-crystalline irorectine design of its windings, the enclosure
and insulation of its secondary winding within dzded oil tanks is described. Numerical
and analytical models of loosely coupled resonargnsformers were developed.
Configuration of a coupling three phase rectifiemfiguration and filter networks for
harmonic mitigation are presented. Several safgstems to protect the klystron load
including an LR snubber and crowbar spark gap tHmeen developed and installed in the

system.
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Chapter 4 Control System Design

This chapter presents the design of the resonawempsupply’s control system.
Section one presents an overview of the contralegysdesign. Section two presents the
specifications and capabilities of the microconémused in the control system. Section three
presents the analog isolators for the feedbackraostgnals. Section four presents the
feedback voltage dividers that measure voltagheaklystron tube, power supply output and
capacitor bank. Section five presents current nreasent systems for capacitor bank input
current. Section six presents the fiber optic l&dlators. Section seven describes the

microcontrollers operating code. Section eight samres the chapter.
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4.1 Overview

The control system for the power supply is desigredund a dsPIC30F2020
microcontroller due to the controller's built in rggherals. The microcontroller was
specifically designed for SMPS control, includingcs features such as phase locked PWM
generators, high speed analog to digital converterd general purpose peripherals such as
UARTS, timers, interrupt controllers, and oscillaoThe microcontroller board is mounted
in a shielded metal box with internal power suppl@nalog isolator modules fro ground loop
isolation and a fiber optic I/0 system allowing #stem to interface with the IGBT drivers

and receive trigger or fault signals. A picturelod control system is presented in Figure 4.1.

N -
% -F#

Figure 4.1 Control system.



79

4.2 dsPIC Microcontroller

Use of a high performance microcontroller specificaesigned for SMPS operation
allows a small compact system to be designed withinmal external equipment. A
dsPIC30F2020 microcontroller manufactured by Mibipcwas chosen as the basis of the
power supply’s control system due to its small sipev cost, high processing speed of
30MIPS, built in DSP functionality, high speed AD&hd built in SMPS control modules. A
datasheet for the microcontroller is given in [M].

The dsPIC microcontroller has several featuresgdesi to optimize performance in
SMPS designs. The pinout of the microcontrollegiig®n in Figure 4.2. The microcontroller
is available in a 28 pin DIP package allowing easggration and prototyping.

Pin Diagrams

28-Pin SDIP and SOIC
MCLR 1 T O Awoo
ANDICMP1ACNZIRBD [2 T QO Awas
AMTICMPIB/CHNIRB1 H3 26 [] PWMILRED
ANZICMPICICMPZAICHARBZ T[4 S 35[0 PWMIHIREY
ANZICMP1DVCMPZE/ICNSRB3 5 2 240 PWMILREZ
ANAICMP2CICMP3AICNEREY H6 E 23 PWMZHIRES
ANSICMP2DICMP3IBICNTIRBS 7 S 12 PWMILRE4
ves []8 0 21 [J PWM3IHIRES
ANGICMP3CICMPAA/OSCI/CLEIRES @ & 20Q voo
ANTICMPIDICMP4B/OSCICLKOMRET (J10 4 190 vss
PGO1EMUD PWMAHT2CKANATCHNIRET 11 138 [0 PGCEMUCSDISDAUIRNRIT
PGEC1/EMUCT/EXTREFPWIMALTICKUMARUCNIIRES [12 170 PGOEMUDVSDON/SCLIUTTIRFE
oo 12 18 [0 SFLTZINTO/OCFLTARAD
PGOXEMUDSCK I/SFLTHOCZINTZRFE ] 14 15 [0 PGCIEMUCZ/OCI/SFLT1ACTINTI/RDO

Figure 4.2 dsPIC30F2020 pinout.

The microcontroller has an internal fast RC oswmHaallowing 30MIPS operation
without use of an external crystal. A 10bit, 2m#&i3C provides rapid sampling of analog
inputs and allows the use of digital filters. ThB@ can sample from 8 pins and can sample

up to two inputs simultaneously. The system providee option to synchronize ADC
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sampling between switching events to prevent iaterfce from switching transients. A set
of three built in timers allows accurate timing amiftput pulses and repetitive triggering of
interrupts for i/o operations. A built in UART alle communication over a serial bus for
computer interfacing.

Most importantly, this series of microcontrollersha built in SMPS controller with 4
pairs of PWM outputs with the ability to synchromithe time bases and phase offsets
between the different channels. Further, the PWhkiode can be set to only update at the
switching boundaries. These features are critioaluse on this power supply since they
ensure that the three separate phases will alvesigain 120 degrees apart, and that changes
in PWM period will only occur near zero current,that soft switching may be maintained.

A block diagram of the microprocessor hardwareénms in Figure 4.3.
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Figure 4.3 Microcontroller subsystem block diagram.
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4.3 Analog Input Galvanic I solation

Due to pulsed magnetic fields in the experimentareolation between the input and
output of the power supply is required to preverttugd loops. As such the high voltage
dividers providing voltage feedback to the coniydtem must have their ground connection
isolated. A set of four isolator boards using Agaldevices AD215BY isolator modules are
connected between the voltage dividers and theotoaitroller to provide noise filtering and
ground loop isolation as shown in Figure 4.4. Témator module has a +-15 volt dynamic
range and a 120kHz bandwidth. A set of op-amp basedog filters limits the gain to
100kHz, while allowing signal amplification betweargain of 1 and 1000. A block diagram

of the AD215 is provided in Figure 4.5. A data dhfeethe AD215 is provided in [L].

= A

Figure 4.4 Isolation modules.
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Figure 4.5 Isolator block diagram.
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4.4 Feedback Voltage Dividers

A pair of voltage dividers is used to allow the tohsystem to monitor voltage at the
power supply output and at the klystron cathod@0B00:1 Ross engineering voltage divider
provides a high bandwidth measurement of outputagel while a custom voltage divider
consisting of a high voltage resistor-capacitoridby with a Tektronix P6015A, 1000:1,
40kV high voltage probe connected to the half-waynpextends the probe’s range to 80kV
and increases the division ratio to 2000:1 whileintagning the probe’s original high

bandwidth characteristics. Both probes are showkigare 4.6.

Figure 4.6 High voltage probes.
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45 Current Measurement

Capacitor bank current is measured with a Pearsatrenics 301X current transformer,
providing a 0.01V/A output. The transformer mouotsthe power supply frame next to the
low inductance bus bars and the positive cable flloencapacitor bank passes through the
center as shown in Figure 4.7. The transformeatsdr at 5S0kA peak current, with a droop
rate of 3% per millisecond and has a current timepct of 22kA-ms. The low and high

frequency -3dB points are 5Hz and 2MHz. A comptiita sheet is provided in [K]

s 4 _,..f "’.:i..
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Figure 4.7 Pearson transformer.
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4.6 Fiber Opticl/O

In order to maintain galvanic isolation between ¢batrol system and the IGBT drivers,
as well as peripheral equipment the control sysiees a digital fiber optic isolator system as
shown in Figure 4.8. The isolator converts fibetiogsignals to TTL logic levels for
interfacing with the microcontroller. The isolatoonsists of four boards, two transmitter
boards and two receiver boards. Each board hasdrfinels and provides an LED indicator
of each channel’s status to aid in diagnostics. diteaiit diagram for the fiber optic interface

is provided in Figure 4.9 (schematic courtesy okl Reyfman).

Figure 4.8 Fiber optic isolator.
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4.7 Microcontroller Code Design

The microcontroller code was designed to allow eatey efficient feedback control,
reliability and safety. The core allows for autoethshutdown of the power supply in the
event of voltage sensor failure, overvoltage coadjtshorted output on startup, infinite loop
conditions, and external fault inputs. Feedbacktrobns accomplished by calculating the
desired PWM period from the bank voltage measurgd the ADC based on the equation
found in Figure 5.14. The controller receives pudtat and external fault inputs over the
fiber optic i/o module and pulse parameters ardogetending serial strings to the controller
from a computer.

Complete microcontroller operating code is giverjNih with the leading number being
the line of code. On startup, the processor iniganéd by lines 20-25 to use the fast RC
internal oscillator, to run at the maximum execotgpeed of 30MIPS, and to enable the
watchdog timer that will monitor operation duringpalse for safety. Variable values are
initialized and stored into RAM by lines 100-19&elmain function is located between lines
200-316.

Immediately on startup of the processor’s code |diops 205-213 set all PWM outputs
are overridden and turned off, and a pulse lockonér bit is set to inhibit startup for a
preset period, and feedback control is enableds iBhperformed so that if a voltage transient
caused by an external arc caused the microproctsseset but left the PWM peripheral on,
the power supply would be prevented from receivmte drive signals without the

microcontroller realizing the pulse output was \axtiLine 225 calls the PWM lockout
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subroutine, starting a 10ms countdown timer andbihg pulse activation for a set time.
This was implemented early in testing when it waseoved that after an arc causes the
microcontroller to reset, residual transients aowsen from ringing inductances occasionally
triggered the input pin that calls the pulse starmmand, immediately triggering a second
pulse.

The main code loop starts on line 252. In the naap the processor checks bit flags
controlling when collected date is sent to the emted computer over a serial port. If one of
the timers that controls data output sets, theaule to transmit data is called on line 298
calling the subroutine on line 322 which transrpibsver supply status and ADC input values
to a connected computer to allow the operator taitapcapacitor bank charging. Received
commands from the operator are processed by thewires called between lines 303 and
312. Received serial characters are stored in R{khé subroutine starting on line 358.

All power supply output pulse operations are hamdig interrupts and synchronized by
internal timers to ensure reproducible and accunaii@g.

The interrupt service routine (ISR) on line 414riggered of an external fault is detected
at any time. When triggered the subroutine to 8@V output is called, the power supply is
shut down, and an error message is sent to the user

The ISR on line 450 is triggered of the fiber optidule receives a pulse start
command. The system checks to see that pulse @ineaidy running, the pulse start lockout
timer has expired, and that the capacitor bankagelis above a minimum threshold. If these

conditions are met, the PWM start subroutine ifedal
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The ISR on line 472 controls ADC sampling rates antriggered every time timer 1
expires. ADC sampling is automatically triggeredewtthe timer expires, so the ISR only
has to reset the timer.

The ISR on line 492 is used to terminate the paueply output pulse and set the PWM
lockout timer. Timer 2 is started at the beginnofgthe pulse for the given pulse length,
when it expires it triggers the ISR which calls /M stop subroutine and shuts down the
pulse. The first time the timer calls the ISRsitéset for 10ms and used as the PWM lockout
timer, inhibiting another pulse from starting urtiéxpires the second time.

The ISR on line 561 is triggered when timer 3 expiand sets a flag that is checked in
the main loop to send the ADC readings back tautex over the serial port.

The PWM start subroutine starts on line 526. Whaled, it configures several variables
used to acquire data during the pulse, sets tinteralshorter period thereby increasing the
ADC sampling rate, calculated the starting switghfrequency based on capacitor bank
voltage, configures the PWM generator for use, ksaine watchdog timer that will reset the
cpu if the control loop locks up, configures tingto set the output pulse length and then
enables the PWM output pins, starting the thres@lgate drive signals.

The PWM stop subroutine starts on line 624. Whdleaat resets timer 1 to a longer
period thereby decreasing the ADC sampling ratsaliddles the PWM output pins, stopping
the three phase gate drive signals, and turnfefivatchdog timer.

The ISR on line 661 is triggered when the ADC cosia completes, meaning that the
ADC, that was triggered when timer 1 expired, hasgleted digitizing the requested input

channel and has it stored in its buffer. The ADGfdruvalues are stored in RAM, and
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voltages, and currents are computed by multiplyapdghe given scale factors. If the pulse is
active, line 689 calls the PWM control subroutihattuses the ADC measurements to update
the PWM period in order to obtain the correct baaib and stabilize output voltage. Lastly,
after the control routine returns, the watchdogetins cleared, preventing it from reaching
zero and resetting the cpu if the control routiryrebt hang.

The PWM control subroutine that starts on line 7d2es the ADC measurements to
update the PWM period in order to obtain the cdriexost ratio and stabilize the output
voltage. If feedback control is turned on, line 18@s the linearized model for PWM period
found in Figure 5.14 to calculate the desired mkrithe period is in terms of timer register
clock counts. Safety checks are performed betwres 775 and 800 limiting the requested
PWM period into acceptable bounds and monitoringages and sensor inputs for problems.
Lines 804 to 811 set the PWM generator module éangwly calculated period and calculate
the phase offset ties to maintain 120 degree stpataetween the phases.

Other code between lines 818 and 1410 is usedniigcwe peripherals, the ADC, timers,
interrupts, the PWM generator, and print out reedrdata to the terminal. The subroutine
starting on line 1247 is used to parse receiverlsstrings for commands and present the
operator with on screen menus on the terminal.

The code described herein provides reliable, ateueedforward control to stabilize

output voltage based on capacitor bank voltagemroo
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48 Summary

This chapter presented the design of the resor@mémpsupply’s control system. An
overview of the control system design and compaemhs presented along with the
specifications and capabilities of the dsPIC30F2@@0rocontroller used in the control
system. Support equipment such as analog isoléborthe feedback control signals, the
associated voltage dividers that measure voltagbeaklystron tube, power supply output
and capacitor bank, capacitor bank input currensaes, and fiber optic 1/O isolators have
been presented. A description of the microcontreltgperating code describes methods for

SMPS control and methods for closing the controplo
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Chapter 5 Power Supply Testing

This chapter presents the results from testingotiveer supply. Section one presents
a spice simulation model for the power supply aretligted numerical results. Section two
presents open loop testing of the power supplyti@ethree presents results from testing the
feedback control system to compensate for capdue#tok droop and stabilize output voltage.
Section four presents models and testing of seVi#teis to reduce harmonics. Section five
presents simulation and testing of arc faults, aj@n of the spark gap and installation of the

snubber circuit. Section six summarizes the chapter
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5.1 Spice Simulation M odd

A Spice simulation of the power supply has beenatexd utilizing the simplified
transformer model as shown in Figure 5.1. The sdmonreferred voltage is equal to the
turns ratio of 1.36 times the maximum bank voltafe900V. A doubling three phase

rectifier feeds a simulated klystron load consiptod a 1.8kohm resistor without any output

filtering.
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Figure 5.1 Simplified spice model.
A time domain simulation of output voltage and gifese voltage at a rectifier terminal

with respect to ground was generated, simulatingraipn of the three phase rectifier and
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transformer assembly. The simulated output voltagewer in magnitude then the actual
power supply output voltage measured at full baokage, however rise time, output
waveform and ripple are almost identical with tixeeption that there is no capacitor bank

droop on the simulation as seen in Figure 5.2.
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Figure 5.2 Time domain simulation of output voltage

Plots of output voltage and the voltage on a tiamsér phase equivalent to that in the
spice simulation are plotted in Figure 5.3. Plotsdisplayed before and after digital filtering
with a median filter as seen in Figure 5.4 to rednigh frequency noise. A median filter is a
non-linear filter that returns the median point ansliding window. Median filters are
excellent for extracting a desired signal from leigfrequency noise. The oscilloscope used
to capture the waveform digitizes at Sksamp/ms, a®@point median filter was applied to
clean up the signal to better visualize the phadeage and harmonic ripple on the output.

The 6th harmonic was found to dominate the powectspm.
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Figure 5.4 Output voltage and phase voltage afiggdint median filter.
Measurements of voltage across the primary of anaa# transformer were acquired.

Near resonant frequency, soft switching occurs ath the leading and lagging edges of an
IGBT switching event as shown in Figure 5.5. Astehing frequency increases above
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resonance, the voltage waveform begins to leadcthreent waveform causing a slight
increase in switching current at the leading edbge,maintaining ZVS soft switching at the
lagging edge due to the reverse diodes commut#tmg@rimary current as shown in Figure

5.6.
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Figure 5.5 Transformer primary voltage and curedrit8.5kHz.
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Figure 5.6 Transformer primary voltage and curedritOkHz.
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5.2 Open Loop Testing

Initial testing of the power supply was carried ayen loop to determine the proper
linearized equation model for the feed forward seginof the control loop. Operation of the
power supply was first verified by connecting thetput voltage divider and gate drive

signals to a mixed signal oscilloscope. In orderotiserve the relation between IGBT

switching and voltage ramp up as seen in Figure 5.7

, Jw_r‘.*H"'-!*-*‘H-*ﬁ“fr\l'"*"-*-..
i Ty

J_

Figure 5.7 Output voltage waveform and h-bridges ghive signals.

The testing capacitor bank voltage was increasedhasn in Figure 5.8. The linear

nature of the relationship between output and basitage indicated that the transformer

cores do not saturate near full power operation.
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Figure 5.8 Output voltage vs bank voltage at 20kberation.

Testing of boost ratio at varying frequency was suead during open loop

Measurements of capacitor bank current, bank ve)tagtput voltage measured at the
terminals of the power supply and load voltage messat the terminals of the klystron tube
were simultaneously acquired. As the pulse is gaadr energy transfer from the capacitor
bank causes its voltage to droop, leading to aedeser in output voltage. This effect is
especially noticeable near resonance, where paassfer is maximized as seen in Figure
5.9. It should be noted that near resonance, & lanmgpunt of reactive power is stored in the
resonator. After pulse termination this oscillation the secondary coupled back to the
primary and is rectified by the antiparallel diodeshe IGBTSs, causing current flow back to
the capacitor bank. As switching frequency increabeth output voltage and current draw
from the capacitor bank decrease due to reduce@mpfbaww as seen in Figure 5.10, Figure
5.11, and Figure 5.12. The output voltage waveftienomes progressively flatter as the

bank droop rate decreases.
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Plots of bank voltage, current, and output and leallage were generated by the matlab

code found in [l].
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- bank(x1

V supply(x1kV) [
V load(x1kV)

-V bank(x10V)

1.8

1.6

x 10

Time (s)

Figure 5.9 Open loop pulse at 18.5kHz and 200V lwdvakge.
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Figure 5.10 Open loop pulse at 20kHz and 200V lwdrakge.
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Figure 5.11 Open loop pulse at 22kHz and 200V lwdrakge.
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Figure 5.12 Open loop pulse at 24kHz and 200V lwdnakge.

Measurement of peak pulse voltage was obtainedrbjyas methods and compared to

capacitor bank voltage over the range of predioggetating frequencies to generate a plot of

the power supplies effective boost ratio as a foncbf switching frequency. A linear
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regression line was fit to this data to provide ithierocontroller with a method to determine
proper switching frequency for a given commandetpwiuvoltage and bank voltage using
feed forward techniques. Te ploted boost ratio gatd regression line are presented in
Figure 5.13. Open loop plots of boost ratio vs slitg frequency were generated by the

matlab code found in [J].
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Figure 5.13 Boost ratio vs switching frequency.
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5.3 Feedback Controller Testing

In order to close the control loop with feed foraiaechniques, the microcontroller
measures the capacitor bank voltage and uses @&ified regression fit of boost ratio vs
switching frequency to compute the required swiighperiod. In practice, it is beneficial to
fit a regression line to switching period vs reqditboost ratio as seen in Figure 5.14. This
allows the removal of several divide operationsrirthe control loop cycle; each divide
operation required 16 instruction cycles to conmglatd is one of the more computationally
intensive operations the microcontroller must catgl Removal of several divide
operations was found to significantly enhance adnibop execution speed, allowing an an

increase from approximately 30 loops per ms tolb2ps per ms.

54 T T T T T T
e Experimental Data |
Fit PTPER= 172*B00St+29706 |~ — — —/- - — - T

5.2H

PTPER

Boost Ratio

Figure 5.14 Microcontroller switching period vs végd boost ratio.

Testing of the feed forward control system provadcessful, allowing output voltage

stabilization at -75kV output as shown in Figuré5%.Note that the output voltage of the
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power supply (light blue trace) is 10x the measumetnand cursor readout. As capacitor bank
voltage (bark blue trace) droops over the pulsatchimg frequency in decreased toward
resonance, thereby stabilizing output voltage. Ageeted, capacitor bank current (green
trace) increases near to resonance compensatidhefaecreasing bank voltage to maintain

constant power transfer to the load.
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Figure 5.15 Feed forward control stabilized outpmltage.
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5.4 Filter Testing

A spice model of a pi and harmonic filter were exaad and compared to experimental
results. The spice simulation is seen in Figuré ntluding a 0.37mH series inductor and
40nF shunt capacitor, added to the output to forpa fter with the doubler capacitor. A
series LC harmonic filter consisting of a 0.005@pacitor and 0.41mH inductor tuned to the

6th harmonic was connected across the rectifianitexls.
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Figure 5.16 Spice model with pi and harmonic fdter

Time domain simulations seen in Figure 5.17 shownarease in rise time due to the

increased capacitive loading of the output.
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:1)

¢ V(L62

V(D31:1)

Figure 5.17 Spice time domain waveform with filters

An FFT of the power supply output with no filtesspresented in Figure 5.18 to provide

a baseline for harmonic noise to compare to fittesatputs. Addition of a pi and harmonic

filter greatly decreased 6th harmonic ripple ad aglall other higher harmonics, as shown in

Figure 5.19, however 3rd harmonic ripple was inseela Generation of 1st, 2nd, and 4th

harmonics with unbalanced three phase excitatiah ranfilter is demonstrated in Figure

5.20 by providing an approximately 10% mismatchsecondary phase voltages. Such a

condition would result if the resonant frequenadéshe secondaries are not equal due to

variations in winding inductance.
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Figure 5.18 Balanced three phase operation at 70kV.
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Figure 5.20 Unbalanced three phase operation.

Simulated results for the addition of filters amanpared to experimental data. A baseline

condition of an unfiltered output is seen in Figbrd1l. An LC harmonic filter consisting of a

0.005uF capacitor and adjustable inductor tunethéo6th harmonic was connected across

the rectifier terminals and harmonics were measuesdlted in a decrease in 5th harmonic

ripple as seen in Figure 5.22. With the additionagpi filter by adding an 370uH series

inductor, and 0.04uF shunt capacitor to the exgstioubler capacitor eliminated 6th and

higher harmonics but also increased 3rd harmoniseas in Figure 5.23. This behavior is

comparable to spice simulations.
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Figure 5.21 Unfiltered operation.
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Figure 5.22 Operation with 6th harmonic filter.
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Figure 5.23 Operation with pi and 6th harmonicfit
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5.5 Output Arc Fault Simulation and Testing

A spice model to simulate crowbar or klystron agcis shown in Figure 5.24. The model

closes the switch across the terminals that woalddmnected to the spark gap.
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Figure 5.24 Spice model for spark gap simulation.

Time domain simulations of a spark gap firing eveiow almost instantaneous
crowbarring of power supply output voltage as seerFigure 5.25. In practice, stray
inductance and the presence of a transmissiortéinggenerate a HV pulse of high amplitude
traveling back on the coaxial cable in the everd &fystron arc as seen in Figure 5.26 (light

blue trace). The amplitude of such a pulse exc#wgelsatings of the doubler capacitors and

can cause damage to the power supply.
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Figure 5.25 Simulation of voltages during spark fiapg.
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Figure 5.26 HV pulse caused by arc without snubber.

After the addition of an RL snubber circuit and aasated spark gap allows safe
operation of the system in the event of a powepluarc. A spark gap triggering event is
shown in Figure 5.27. Upon firing of the spark gegpid crowbarring of the voltage across
the Kklystron tube is observed, limiting energy tivauld be dissipate into the tube’s cathode,
potentially causing damage. An HV pulse is stifleeted up the transmission line causing
the voltage at the power supply terminals to swiagn the previous negative value to a
positive value of equal amplitude, however duehwpresence of the snubber, the amplitude
of the pulse is low enough to be safely toleratgdhe system. Voltage on a transformer
primary during a crowbar event is shown in Figurg8sdemonstrating the rapid de-Qing of
the secondary resonator observable as a reductiqgumimary current. Also visible is the
cutoff of IGBT switching when the spark gap curreahsor sends a fault condition pulse to

the control system, cutting off the IGBT gate drérgnals. A spark gap triggering event due
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to an overvoltage condition is shown in Figure 588 Figure 5.30, producing nearly

identical effects.
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Figure 5.27 Voltages during spark gap remote trigge
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Figure 5.28 Phase current and voltages during sggwkemote trigger
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5.6 Summary

This chapter presented the results from testingptihweer supply. Numerical spice
simulation models for the power supply and simwatesults were compared to measured
data from power supply operation and found to bmmarable. Open loop testing of the
power supply was used to generate a linearized huddeower supply voltage boost as a
function of switching frequency. Section three pras results from testing the feedback
control system to compensate for capacitor bankmand stabilize output voltage. Section
four presents models and testing of several filtenseduce harmonics. Section five presents
simulation and testing of arc faults, operatiornihaf spark gap and installation of the snubber

circuit. Section six summarizes the chapter.
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Chapter 6 Conclusions and
Recommendations

This thesis documents research on the design anstraotion of a three phase
resonant power converter for driving klystron tubBlsis chapter presents a summary of the
research, provides conclusions and recommendafionghe design of resonant power

converters, and describes future research thatakil place on this power supply.
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6.1 Summary of Research

Chapter one presented a review of state of thdemigns of high power SMPS design,
resonant topologies, and soft switching. A reviegwthyee phase resonant power supplies
constructed at LANL and E2V technologies

Chapter two presented the requirements and desigstraints for construction of the
power supply including available parts and constgsion integration into existing
experiments. Requirements on the power supply decloutput voltage and current
capabilities, fault tolerance, output voltage rgngmutput stability, pulse duration,
serviceability, safety, tolerance for voltage draopthe capacitor bank, and external control
of parameters. Design constraints include the ulseceotain donated parts including
transformer cores, IGBTSs, rectifier diode stacksg @apacitor banks which were either
donated to the project or were available as surplus

Chapter three presented the design of the powealysspower electronic components,
transformers, rectifier, filtering system and safatystems as well as comparison of
experimental data to numerical simulations and dbeelopment of analytical models to
provide the basis for future designs.

Chapter four presented the design and construofitime power supplies control system.
This chapter covered the microcontroller, extemlattronics and the design of the operating
code.

Chapter five presented results from power supmtirtg and comparison to numerical

results from spice simulations. Models of the tfamser, rectifiers, filters are presented and
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compared to simulation. Open loop testing of thevgrasupply is presented and compared to
spice simulations. Testing of the feedback cordystem and stabilization of output voltage
during drooping capacitor bank in presented. Tgstiha crowbar spark gap and associated

LR snubber system is presented and compared tdagionu
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6.2 Conclusions

Design and analysis has been performed on a thHrasepresonant power supply
utilizing loosely coupled resonant transformershwé boost ratio that significantly
exceeds the turns ratio with the capability of higittage, high current output. It was
determined that the use of nano-crystalline irore alowed low loss, high frequency
operation while providing high permeability. Usesofch transformers allows extremely
high power density when compared to equivalenttgd@®0Hz systems using soft iron
cores.

A successful design of a feedback control system bdeen produced. The control
system utilizes a low cost, high performance miontller with integrated SMPS
control functionality to stabilize output voltage the capacitor bank voltage decreases
by adjusting switching frequency. It was determirtbdt feedforward control from
capacitor bank voltage is sufficient to stabiliagput voltage, however the addition of
feedback off of the output voltage would improvabsity.

Several designs of noise and ripple filters wewerd It was found that use of a
harmonic filter provide excellent reduction 6th manic noise, however effectiveness
decreases as switching frequency moves away freonamce. It was determined that
the addition of a pi filter on the output greatbduced higher harmonic noise and ripple
but produces an anomalous increase in third hawgople. The addition of a pi filter
does not greatly effect rapid rise time at the beigig of the pulse and only adds

minimal stored energy.
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The design of several safety systems for drivingstkbn tubes has been shown to
prevent damage to the power supply in the eveahahternal arc. A snubber circuit has
been shown to reduce high voltage transients omrdhgial cable connecting the power
supply to the load to sufficiently low amplitudgseventing damaging the supply. The
design of an optically or di/dt triggered spark gdiows rapid crowbarring of klystron
voltage and provides an optical signal that cutpatupower from the supply. Use of the
spark gap has been shown to successfully de-Qetb@ndary resonators, interrupting

power transfer and preventing damage to the powmplg.
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6.3 FutureWork

Future work will focus on further analysis of seftitching, control system capabilities,
and noise reduction.

Topics on soft switching will include measuremeotsthe power supply’s waveforms
using instrumentation with greater numbers of cletswto simultaneously record all three
phases at once, analytical models of the resomansformer including losses and non-
idealities, and use of phase shifting techniquesltav soft switching off of resonance.

Topics on improving control system capabilitieslwitlude integration of feedback and
feedforward control techniques to actively monibatput voltage, improvement in control
loop functionality including techniques such as plng analog inputs between switching
events, implementation of digital filters for immex noise immunity, and improved
resistance to electromagnetic noise during arcSauits.

Topics on noise reduction will include design ofvlstored energy output filters,
balancing secondary amplitude to reduce any 1l«t, @nd 4th harmonic noise, potential
frequency dithering of the IGBT switching to spreawt harmonics, and use of actively

tunable harmonic filters by using power electraeithniques to vary effective inductance.
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Appendix

A CM1200HB-66H IGBT

2nd-Version HVIGBT (High Voltage Insulated Gate Bipclar Transistor) Modules

CM1200HB-66H

HIGH POWER SWITCHING USE
INSULATED TYPE

MAXIMUM RATINGS (T] = 25°C)

Symbol ltem Conditions Ratings Unit
VCES Collector-emitter voltage VGE =0V 3300 \
VGES Gate-emitter voltage VCE = 0V +20 \
lc Collector current DG, Tc = 100°C 1200 A
IcM Pulse (Note 1) 2400 A
IE_(tote 2) Emitter current 1200 A
|IEM(Note 2) Pulse (Note 1) 2400 A
PC (Note 3) | Maximum collector dissipation | Tc = 25°C, IGBT part 15600 W
Tj Junction temperature — —40 ~ +150 °C
Tstg Storage temperature — —40 ~ +125 °C
Visa Isolation voltage Charged part fo base plate, rms, sinusoidal, AC 60Hz 1min. 6000 Vi

Main terminals screw M8 6.67 ~13.00 N-m

— Mounting torque Mounting screw M& 2.84 ~6.00 N-m

Auxiliary terminals screw M4 0.88 ~2.00 N-m

— Mass Typical value 2.2 kg
ELECTRICAL CHARACTERISTICS (1] = 25°C)

Symbol ltem Conditions Min L-lrn;gs Max Unit

ICES Collector cutoff current VCE = VCES, VGE = OV — — 15 mA
Gate-emitter
VGE(th) threshold voltage Ic = 120mA, Vce = 10V 45 6.0 75 \
IGES Gate-leakage current VGE = VGES, VCE = OV _ _ 05 pA
Collector-emitter Tj=25°C — 3.80 494
VCE(sat) saturation voltage Ti=125°C lc = 12004, VGE = 15V (Note 4) — 4.00 — v
Cies Input capacitance VCE = 10V — 180 — nF
Coes Qutput capacitance VGE = 0V — 18.0 — nF
Cres Reverse transfer capacitance — 54 — nF
Qc Total gate charge Vcec = 1650V, Ic = 1200A, VGE = 15V — 8.6 — nc
td (en) Turn-on delay time Vvee = 1650V, Ic = 1200A — — 1.60 us
tr Tum-on nse time VeE1 = VGEz = 15V — — 2.00 s
1d (off) Turn-off delay time Rz =1.6Q — — 250 us
1 Turn-off fall time Resistive load switching operation — — 1.00 us
VECiNote 2) | Emitter-collector voltage IE = 12004, VGE = 0V — 2.80 3.64 i
trr  (Note 2) | Reverse recovery time IE = 12004, — — 1.40 us
Qrr (Note 2) | Reverse recovery charge die / dt = —2400A / us (Note 1) — 400 — nc
Ring-cja . Junction to case, IGBT part — — 0.008 Kw
Rin(ciR Thermal resistance Junction to case, FWDi part — — 0.018 Kw
Rinc-f Contact thermal resistance Case to fin, conductive grease applied — 0.006 — Kw

Note 1. Pulse width and repetition rate should be such that the device junction temp. (Tj) does not exceed Tjmax rating.
2. lg, Vec, tr, Qm & diefdt represent characteristics of the anti-parallel, emitter to collector free-wheel diode.

3. Junction temperature (Tj) should not increase beyond 150°C
4. Pulse width and repetition rate should be such as to cause negligible temperature rise.



B Hipotronics 8XX Series Power Supplies
S5kW High Power DC Supplies
General 801-5A 825-200 | 8100-50 ‘ 8150-33.3 | 8300-16.8
208/230V 154 50/60Hz 208/220V 254 50/60Hz
Input Volta
nput voltage Three Phass Single Phase
Qutput Voltage 0-1kv DC 0 - 25kv DC 0 — 100kY DC 0 — 150kV DC 0 - 300kV DC
Qutput Current SA 200mA S0mA 33.3mA 16.8mA
Qutput Polarity Positive or Negative output in respect to ground
Metering 4.5" analog meters, +2% full scale accuracy
Regulation 10% No Load to Full Load 15% No Load to Full Load
Ripple 5% rms (1% Optional) 2% rms
Control 49H x 23W x 24D 17.5H x 19W x 17D
Dimensions (1245mmx384mmx&10mm) (445mmx483mmx432mm)
Control
Weights Net 4501lbs (204kg) Net 105lbs (48kg)
High Voltage In Control Section 3ZHx21diameter 60H x 29diameter
Dimensions (813mmx533mm) (1524mmx737mm)
High Voltage In Control Secti MNet 950lbs Net 2800lbs Net4700lbs
Weight N Lontrof Section (431kg) (1270ka) (2132kq)

Note: Other Output Ratings Available. Consult Factory with Your Requirements

C Matlab code for calculation voltage droop

clear all ;

Vi=900;
Vout=80E3;
R=1800;
lout=Vout/R;
N=[1:-0.1:0.6];
C=0.3;

Tpulse=[0:0.1:10]/1E3;

Vfarr=[];
Tarr=[];
Legendarr=cell(length(N),1); %prealocate cell array for legend

for i=[1:length(N)]

%calculate final voltage

Neff=N(i);

Vi=Vi.*sqrt(1-Vout.*lout.*Tpulse./(Neff.*C.*Vi. 2/2 );
Vfarr=[Vfarr;Vf];

Tarr=[Tarr;Tpulse];

%build cell array of legend strings

Legendarr{i}=[ '‘Eff=", num2str(Neff)];

end



%plot voltage droop vs pulse time
figure(1)
plot(Tarr'.*1000,Vfarr, ‘LineWidth' ,2)

xlabel(  'Pulse Time (ms)' )
ylabel( 'Final Voltage (V)' )
grid on

legend(Legendarr)
title([ "Initial Voltage=" , hum2str(Vi),
'V, C=" num2str(C), D
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F CT concepts IGBT driver.

Absolute Maximum Ratings

Parameter Remarks Min Max  Units
Supply voltage Vpe VDC to GND (Note 1) 0 16 vV
Gate peak current Iy, Note 8 -36 +36 A
Average supply current Ipe Note 3 500 mA
Qutput power DC/DC converter Notes 3,12 5 W
Switching frequency Note 12 8.5 kHz
Test voltage (50Hz/1min) Primary to output (Note 15) 6000  Vacem
DC-link voltage Note 5 2200 v
Operating temperature Note 12 -40 +85 °C
Storage temperature -40 +90 °C

Page 2
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Electrical Characteristics

All data refer to +25°C and Vg = 15V unless otherwise specified

Power supply Remarks Min Typ. Max  Units
Nominal supply voltage Vp,-  VDC to GND (Note 1) 14.5 15 15.5 v
Supply current I Without load (Note 2)

Standard 120 m#A

Opt. 01 125 ma
Efficiency 1 Internal DC/DC converter 85 %
Turn-on threshold Vg Note 4 13 v
Hysteresis on/foff Mots 4 0.6 v
Coupling capacitance €, Primary to output 15 pF
Short-circuit protection Remarks Min Typ. Max  Units
V= monitoring threshold Between aux. terminals 50 &0 v
Response time 3-level mode (Note 11) 8.5 Q ps
Response time 2-level mode (MNote &) 9.5 10 ps
Blocking time 2-level mode (MNote 7) 1 5
Timing characteristics Remarks Min Typ. Max  Units
Turn-on delay Epgfon) Mote 13 400 ns
Turn-off delay Epgraff) Mote 13 550 ns
Dutput rise time fxrapt) Mot 9 15 ns
Output fall time Lgone) Mote 9 20 ns
Acknowledge delay time At status output (Mote 14) 380 ns
Acknowledge pulse width At status output 0.6 1.8 ps
Gate output Remarks Min Typ. Max  Units
Turn-on gate resistor Rge,,)  Note 8 2.2 0
Turn-off gate resistor Rgrag)  Note 8 3.7 0
Aux. gate capacitor Cge 220 nF
Electrical insulation Remarks Min Typ. Max  Units
Operating voltage (Note 10) Continuous or repeated 3300 v
Test voltage (50Hz/ 1min) Primary to output (Note 15) 6000  Varem
Partial discharge extinction volt. IEC1287 / <10pC 2600 War(ef)
Creepage distance Primary to output 21 m

IGBT-Driver.com

Page 3




G Matlab code for resonant transformer plots

clear all ;

load( 'N156_R1800 F.txt'
load( 'N146_R1800 F.txt'
load( 'N136_R1800_F.txt' ), %
load( 'N126_R1800 _F.txt' ), %

) %
)
|
load( 'N116 R1800 F.txt' ); %
)
)
)
)

; %

load( 'N106_R1800_F.txt' ; %
load( 'N096_R1800_F.txt' ; %
load( 'NO86_R1800_F.txt' ; %
load( 'NO76_R1800_F.txt' ; %

load( 'N156_R820_F.txt'
load( 'N146_R820_F.txt'
load( 'N136_R820 F.ixt' ), %
load( 'N126_R820 F.ixt' ), %

) %
)
g
load( 'N116 R820 F.txt' ), %
)
)
)
)

; %

load( 'N106_R820_F.txt' ; %
load( 'N096_R820_F.txt' ; %
load( 'NO86_R820_F.txt' ; %
load( 'NO76_R820_F.txt' ; %

load( 'N156 R.txt'
load( 'N146 R.txt'
load( 'N136_R.txt' %
load( 'N126_R.txt' %

)y %
)
|
load( 'N116 R.txt' ); %
)
)
)
)

; %

load( 'N106_ R.txt' ; %
load( 'N0O96_ R.txt' ; %
load( 'NO86_R.txt' %
load( 'NO76_R.txt' %

%turn number
N=[76,86,96,106,116,126,136,146,156];
Nrange=[76:156];

%resonant frequency at a given turn number
ResN=[N076_R1800_F(N0O76_R1800_F(:,4)==max(N076_R180
N086_R1800_F(N086_R1800_F(:,4)==max(N086_R180
N096_R1800_F(N096_R1800_F(:,4)==max(N096_R180
N106_R1800_F(N106_R1800_F(:,4)==max(N106_R180
N116_R1800_F(N116_R1800_F(:,4)==max(N116_R180
N126_R1800_F(N126_R1800_F(:,4)==max(N126_R180
N136_R1800_F(N136_R1800_F(:,4)==max(N136_R180
N146_R1800_F(N146_R1800_F(:,4)==max(N146_R180



N156_R1800_F(N156_R1800_F(:,4)==max(N156_R180 0_F(;,4)),1)];

%maximum boost ratio at 1800 ohm load

MaxBoost1800=[
max(N076_R1800_F(:,4)),
max(N086_R1800_F(:,4)),
max(N096_R1800_F(:,4)),
max(N106_R1800_F(:,4)),
max(N116_R1800_F(:,4)),
max(N126_R1800_F(:,4)),
max(N136_R1800_F(:,4)),
max(N146_R1800_F(:,4)),
max(N156_R1800_ F(;,4))];

%Maximum boost ratio at 820 ohm load

MaxBoost820=[
max(N076_R820_F(:,4)),
max(N086_R820_F(:,4)),
max(N096_R820_F(:,4)),
max(N106_R820_F(:,4)),
max(N116_R820_F(:,4)),
max(N126_R820 F(:,4)),
max(N136_R820_F(:,4)),
max(N146_R820_F(:,4)),
max(N156_R820_ F(:,4))];

%theoretical inductance of the secondary wining

mu0=4*pi*1le-7; %vacuum permiability

mur=50E3; %relative permiability of core

Nsec=136; %turns on secondary for this given plot
D22awg=0.644E-3; %diameter of 22AWG wire used on secondary in meters
Radsec=6.5.¥0.0254/2; %Radius of secondary winding in meters (6.5"
diameter)

A=pi*Radsec."2; %area of secondary winding in m”2
Acore=(1.75*0.0254)*(2.5*0.0254); %area of iron core in m"2
length136=D22awg.*Nsec; %axial length of secondary winding

%inductance using long solonoid approximation

Lsec136th=(mu0.*(Nsec.”2).*A./length136).*(1/2)

%inductance using short solonoid (wheeler 1942 eq50 )

Lsec136th2=10.*pi.*mu0.*Nsec.”2.*Radsec."2./
(9.*Radsec+10.*length136).*(1/2)

%compensated for flu excluded from iron core area

Lsec136th3=10.*mu0.*Nsec."2.*(pi.*Radsec.2-Acore). /..

(9.*Radsec+10.*length136).*(1/2)

%transfer function model of transformer
Lsec136=1.36E-3; %1.36mH for N=135
Rsec=1.3; %secondary winding resistance

%(both cores in parallel, confirmed at 1.3o0hm)
C=0.05E-6; %0.05uF parallel resonant capacitor
R=1800; %load resistance (measured and confirmed at 1800+-5
Nr=13.6; %turns ratio

ohm)
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%transfer function frequency sweep
freg=logspace(log10(1000),log10(33000),1000);
w=2*pi*freq;
Zs=j*w*Lsec136th3+Rsec+(R./(j*w*C))./(R+1./(j*w*C))
%transfer function for transformer
Hw=Nr*abs(((R./(j*w*C))./(R+1./(j*w*C)))./Zs);

%transfer function load resistance sweep
Rsw=logspace(log10(1),log10(60000),1000);

fregR=N136_R1800_F(N136_R1800_F(:,4)==max(N136_R180

w=2*pi*freqR;
ZsR=j*w*Lsec136+Rsec+(Rsw./(j*w*C))./(Rsw+1./(j*w*C
%transfer function for transformer
Hr=Nr*abs(((Rsw./(j*w*C))./(Rsw+1./(j*w*C)))./ZsR);

%theoretical resonance vs turns

%Wheeler formula

%with compensation for magnetic flux excluded by sh

%multiply by 1/2 since 2 coils in parallel

Larr=10.*mu0.*Nrange."2.*(pi.*Radsec.*2-Acore)./
(9.*Radsec+10.*D22awg.*Nrange).*(1/2);

Fres=(1/(2*pi))*(sqrt(1./(Larr.*C)-1./((R.*C)."2)))

%measured inductance at a turns ratio
Lmeas=1./(((ResN.*(1000).*(2*pi))."2+1./((R.*C)."2)

%models of inductance

%Wheeler formula

%multiply by 1/2 since 2 coils in parallel

LarrFullA=10.*mu0.*Nrange."2.*(pi.*Radsec.*2)./
(9.*Radsec+10.*D22awg.*Nrange).*(1/2);

%simple long solonoid

%multiply by 1/2 since 2 coils in parallel

LarrLong=(mu0.*(Nrange.”2).*A./(D22awg.*Nrange)).*(

%simple long solonoid compensated area

%multiply by 1/2 since 2 coils in parallel

LarrLongCompA=(mu0.*(Nrange."2).*((A-Acore))./(D22a

%theoretical max boost

w=2*pi*(Fres);

%for 1800 ohm load

R=1800;

Zsmax1800=j.*w.*Larr+Rsec+(R./(j*w*C))./(R+1./(j*w*
%transfer function for transformer

Hwmax1800=(Nrange./10).*abs(((R./(j*w*C))./(R+1./(j

%for 820 ohm load

R=820;

Zsmax820=j.*w.*Larr+Rsec+(R./(j*w*C))./(R+1./(j*w*C

%transfer function for transformer

Hwmax820=(Nrange./10).*abs(((R./(j*w*C))./(R+1./(j*

0_F(:,4)),1).*1000;

)

orted primary

)-*C);

1/2);

wg.*Nrange)).*(1/2);

C);

*W*C)))./Zsmax1800);

);
w*C)))./Zsmax820);



11

%plot

figure(1)

loglog(N156_R(:,1),N156_R(:,5), -+ N136_R(;,1),N136_R(:,5), L
NO76_R(:,1),NO76_R(:,5), -* Rsw,Hr, ‘LineWidth' ,2)

xlabel( 'Load Resistance (ohms)' )

ylabel( 'Boost Ratio at Resonant Frequency' )

grid on

legend( 'N=156 Measured' ,'N=136 Measured' , ...
‘N=076 Measured' , 'N=136 Transfer Fcn' , 'Location’ , 'NorthWest' )

%plot resonant frequency vs turns

figure(2)

plot(N,ResN, '-*' Nrange,Fres/1E3, ‘LineWidth' ,2)

xlabel( 'Secondary Turns' )

ylabel( 'Resonant Frequency (kHz)' )

grid on

legend( ‘Measured Resonant F' , 'Transfer Fcn Resonant F' -
‘Location’ , 'NorthEast' )

%plot resonant frequency vs turns
figure(3)
plot(N,MaxBoost1800, -* Nrange,Hwmax1800,N,MaxBoost820, L
Nrange,Hwmax820, ‘LineWidth' ,2)
xlabel( 'Secondary Turns' )
ylabel( 'Boost Ratio’ )
grid on
legend( 'R=1800 ohm Max Boost' -
'R=1800 ohm Max Transfer Fcn' -
'R=820 ohm Max Boost' -

'R=820 ohm Max Transfer Fcn'. , 'Location’ , 'NorthWwest' )
%plot boost vs freq for n=136
figure(4)
plot(N136_R1800_F(:,1),N136_R1800_F(:,4), L
freq/1000,Hw, ‘LineWidth' ,2)

xlabel(  'Frequency (kHz)' )

ylabel( 'Boost Ratio’ )

grid on

legend( 'N=136 Measured' , 'N=136 Transfer Fcn' , 'Location’ , 'NorthWest' )

%plot boost vs freq for n=all

figure(5)

plot(N156_R1800_F(;,1),N156_R1800_F(:,4),
N146_R1800_F(:,1),N146_R1800_F(:,4),
N136_R1800_F(:,1),N136_R1800_F(:,4),
N126_R1800_F(;,1),N126_R1800_F(:,4),
N116_R1800_F(;,1),N116_R1800_F(:,4),
N106_R1800_F(;,1),N106_R1800_F(:,4),
N096_R1800_F(:,1),N096_R1800_F(:,4),
N086_R1800_F(:,1),N086_R1800_F(:,4),
NO76_R1800_F(;,1),NO76_R1800_F(:,4), 'LineWidth'  ,2)

xlabel(  'Frequency (kHz)' )

ylabel( 'Boost Ratio' )
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grid on

legend( ‘N=156 R=1800ohm' , 'N=146 R=1800ohm' , 'N=136 R=18000hm' , ...
'N=126 R=18000hm' , 'N=116 R=18000hm' , 'N=106 R=1800chm' |, ...
'N=096 R=18000hm' , 'N=086 R=18000hm' , 'N=076 R=1800chm' |, ...
'Location’ , 'NorthWest' )

%plot boost vs freq for n=all
figure(6)
plot(N156_R820_F(:,1),N156_R820_F(:,4),
N146_R820_F(:,1),N146_R820_F(:,4),
N136_R820_F(:,1),N136_R820_F(:,4),
N126_R820_F(:,1),N126_R820_F(:,4),
N116_R820_F(:,1),N116_R820_F(:,4),
N106_R820_F(:,1),N106_R820_F(:,4),
N096_R820_F(:,1),N096_R820_F(:,4),
N086_R820_F(:,1),N086_R820_F(:,4),
NO76_R820_F(:,1),NO76_R820_F(:,4), 'LineWidth' ,2)
xlabel( 'Frequency (kHz)' )
ylabel( 'Boost Ratio' )
grid on
legend( 'N=156 R=820ohm' , 'N=146 R=820ohm' , 'N=136 R=820ohm' , ...
'N=126 R=820ohm' , 'N=116 R=820ohm' , 'N=106 R=820ohm' , ...
'N=096 R=820ohm' , 'N=086 R=820ohm' , 'N=076 R=820ohm"' , ...
'Location’ , 'NorthWest' )

%plot inductance vs turns

figure(7)

plot(N,Lmeas, '-* ,Nrange,Larr,Nrange,LarrFullA,
Nrange,LarrLong,Nrange,LarrLongCompA, 'LineWidth' ,2)

xlabel( 'Secondary Turns' )

ylabel( 'Inductance (H)' )

grid on

legend( 'Measured’ , 'Wheeler Compensated Area’ , 'Wheeler Full Area’ -

‘Long Solenoid' , 'Long Solenoid Compensated
Area' , 'Location’ , 'NorthWest' )

H Matlab code for plotting boost ratio at varyingdoency

clear all ;

%load open loop ps output at 200v on the bank
load( 'open_loop_200bank.txt' );
fmod=open_loop_200bank(:,1); %frequency in khz
vboost=open_loop_200bank(;,2)*1000/200; %kv out / 200v on the bank
ptper=235.%(40000./(fmod.*10));

%load open loop ps output at varying bank voltage
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load( 'open_loop_ vsweep 20khz.txt' );
vbank=open_loop vsweep 20khz(:,1);
vout=open_loop_vsweep_20khz(:,2);

Vin=[min(vbank):max(vbank)]; %

Vfit=0.1132*Vin; %regression fit for vout vs vin
Freg=[min(fmod):max(fmod)]; %

BFfit=-12*Freq+343; %regression line for boost to frequency plot

Boost=[min(vboost):max(vboost)];
PBfit=172*Boost+29706; %regression line for PTPER to boost plot

%plot boost vs modulation frequency

figure(1)

plot(fmod,vboost, " ,Freq,BFfit, ‘LineWidth' ,2)

xlabel( 'Modulation Frequency (kHz)' )

ylabel( 'Boost Ratio' )

grid on

legend( ‘'Experimental Data' , 'Fit Boost= -12*F(kHz)+343' )

%plot ptper vs boost

figure(2)

plot(vboost,ptper, " ,Boost,PBfit, ‘LineWidth' ,2)

xlabel( 'Boost Ratio' )

ylabel( 'PTPER')

grid on

legend( ‘'Experimental Data' , 'Fit PTPER= 172*Boost+29706'
'‘Location’ , 'NorthWest' )

%plot vout vs vbank

figure(3)
plot(vbank,vout, " Vin, Vfit, ‘LineWidth' ,2)
xlabel( 'Bank Voltage (V)' )
ylabel( 'Output Voltage (kV)' )
grid on
legend( 'Experimental Data’ , 'Fit Vout= 0.1132*Vbank' -
'‘Location’ , 'NorthWest' )
I Matlab code for date with differential voltage on
transformer secondary.
clear all

%close all;
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fignum=0;

shots=[4];
channels=[1,2,3,4];

for shot=shots
for channel=channels

TOP=load([ 'ts' ,num2str(shot), ‘ch'" ,num2str(channel), "isf' D; %
BOT=load([ 'bs' ,num2str(shot), '‘ch'" ,num2str(channel), "isf' D; %
assignin(  'base' [ 't" ],TOP(;,1));

assignin(  'base’ [ 'tch" ,num2str(channel)],medfilt1(TOP(:,2),50));

assignin(  'base’ [ 'bch' ,num2str(channel)],medfilt1(BOT(:,2),50));

end

%plot
fignum=fignum+1,;
figure(fignum)
plot(t,tch1*3,t,tch2*100,t,tch3,t,tch4*500, ‘LineWidth' 1)
xlabel(  "Time (s)' )
ylabel( " )
grid on
legend( 'l ph3 pri(x1kA)' , 'V ph3 pri(x10V)' -
'V ph3 secl(R)(x1kV)' , 'V ph3 sec2(Y)(x1kV)' , 'Location’ , 'SouthEast'

fignum=fignum+1,;
figure(fignum)
plot(t,bchil,t,bch2*10,t,bch3*2,t,-bch4*20, 'LineWidth' 1)
xlabel(  "Time (s)' )
ylabel( " )
grid on
legend( ‘-l bank(x100A)' , 'V supply(x1kV)' -
'V load(x1kV)' , "=V bank(x10V)' , 'Location’ , 'SouthEast' )

fignum=fignum+1,;

figure(fignum)

plot(t,tch3-tch4*500, 'LineWidth' 1)

xlabel(  'Time (s)' )

ylabel( " )

grid on

legend( 'V secondary differential’ , 'Location’ , 'SouthEast' )

fignum=fignum+1,;

figure(fignum)

plot(t,tch3+tch4*500,t,bch2*10, 'LineWidth' 1)
xlabel(  'Time (s)' )

ylabel( " )

grid on

legend( 'V sec wrt gnd(x1kV)' , 'V out(x1kV)' , 'Location’ , 'SouthEast' )



end

J Matlab code for date with differential voltage on

transformer primary.

clear all ;
close all ;

fignum=0;

shots=[11];

for shot=shots

for channel=[1,2,3]

TOP=load(] 'ts' ,num2str(shot), ‘ch’ ,num2str(channel), “isf' D; %
assignin(  ‘base’ [ 't' ],TOP(;,1));

assignin(  ‘base’ ,[ 'tch' ,num2str(channel)],medfilt1(TOP(:,2),50));

end

for channel=[1,2,3,4]

BOT=load([ 'bs' ,num2str(shot), ‘ch’ ,num2str(channel), "isf' D; %
assignin(  'base' [ 'bch' ,num2str(channel)],medfilt1(BOT(:,2),50));

end

%plot
fignum=fignum+1;
figure(fignum)
plot(t,tch1*3,t,tch2*100,t,tch3*100, ‘LineWidth' 1)
xlabel(  'Time (s)' )
ylabel( " )
grid on
legend( 'l ph3 pri(x1kA)' , 'V ph3 pril(x10V)' -~
'V ph3 pri2(x10V)' , 'Location’ , 'SouthEast' )
fignum=fignum+1;
figure(fignum)
plot(t,bch1,t,bch2*10,t,bch3*2,t,-bch4*20, ‘LineWidth' 1)
xlabel(  'Time (s)' )
ylabel( " )

grid on
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legend( -l bank(x100A)' , 'V supply(x1kV)' -
'V load(x1kV)' , -V bank(x10V)' , 'Location’ , 'North" )

fignum=fignum+1,;

figure(fignum)

plot(t,-tch2*100+tch3*100,t,tch1*3, 'LineWidth' 1)

xlabel(  'Time (s)' )

ylabel( " )

grid on

legend( 'V ph3 pri diff(x10V)' , ' ph3 pri(x1kA)' , 'Location’ , 'SouthEast' )

fignum=fignum+1,;

figure(fignum)

plot(t,10*(-tch2*100+tch3*100).*(tch1*3),
t,fastrms(10*((-tch2*100+tch3*100).*(tch1*3)), 10000/(2*20)),
t,(bchl1.*(-bch4*20)),t,(bch2*1E4).72./(1800*1E 3), 'Linewidth' 1)

xlabel(  "Time (s)' )
ylabel( 'power' )

grid on
legend( 'P ph3 (x1kW)' , 'P ph3 rms(x1kW)' .
'P in avg(x1kW)' , 'P out (x1kW)' , 'Location’ , 'SouthEast' )

end
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Pearson transformer datasheet.

P E A R S O N ™ Sensitivity 0.01 VolttAmpere +1/-0%
Output resistance &0 Ohms
C U RR E N T Maximum peak current 50,000 Amperes
MONITOR Maximum rms current 400 Amperes
M O D EL 3 U 1 X Droop rate 3.0 %amillisecond
seable rise time 200 nanoseconds
Current time product 22 Ampere-second
Low frequency 3dB cuf-off & Hz (approximate)
High frequency 3dB cut-off 2 MHz (approximate)
Iff figure 140 peak AmperesHz
Shielding Double
Output connector LUHF (50-230)
Operating temperature 0to 65 °C
Weight 175 pounds
© 1995 Pearson Bectronics, nc. 301X.5PX_50DS05
4 MOUNMTING HOLES 1/4—20 B8Y 0.5 DEEP - \
UHF (S0—23%) JACK . H'R\
. ."ll L
+ i .
N b @
e ,p.+____,f
B.015 |/ 3515 \ i H.‘};?,gﬂ ‘/ 5,265
7.985 ™ 9%zeE — o o 6235
=" ™)
I ® @
, i
. 1,380
B igﬁﬁ - —'l 4. 360
2.015 | 2765 _|
A_ORE 2735
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L AD215 datasheet

A[}21 S—SPECIFICATIONS (Typical @ +25°C, Vs = =15V dc, 2 ki) ouiput load, unless otherwise noted.)

ADZISAY/BY
Parameter Conditions Min  Typ Max Units
CAIN
Range! l 1] ViV
Exror V, No Load on Viso 0.5 2 %
ws. Temperature 0°C to +85°C +15 ppmC
~0°C to 0°C +50 ppm~C
ws. Supply Voltage 1(14.5Vdcto 16,5V do) +100 ppmV
vs. Isolated Supply Load® +20 ppmimA
MNonlinearity
ADZ15BY Crade 10 V Output Swing. G =1 VV +0.015 | %
10V Qutput Swing, G 0. %
ADZI5AY Crade 210V Output Swing, G 001 0025 %
+10'V Output Swing, G =10 VIV +0.025 %
INPUT VOLTAGE RATINGS
Input Voltage Rating G=1VN 10 v
Maximum Safe Differential Range IN+ or IN-, to IN COM 15 v
CMRR of Input Op J\m]: oo dB
Lsolation Voltage Rating Input 1o Cutput, AC, 60 Hz
ADZI5BY Crade 100% Tested* 1500 Vrms
ADZI5AY Crade 100% Tested® 750 v
IMRR (Isolation Mede Rejection Ratio) | R < 1000 (IN+ & IN-), G = 1 ViV 120 db
Re< I00Q (IN+ & IN-),G=1V H 100 dB
Ry < 100£ {IN+ & IN-), G =1V, 10kHz BD dB
Ry< 1RO (IN+ &IN-), G =1V, 105 dB
Ry< 1RO (IN+ &£IN-). G =1 B5 dB
Ry TROQ(IN+ &IN-), G=1 B3 dB
Leakage Current, Input to Outpat 240 V rms, 60 He 2 pA rms
INPUT IMPEDANCE
Differential G=1VV 16 M2
Common Mode 245 COjpE
INPUT OFFSET VOLTAGE
Initial @ +25°C 04 2.0
vs. Temperature PC to +85°C +,
-ADPC to 0°C +20
OUTPUT OFFSET VOLTAGE
Initial @ +25°C, Trimmable to Zero ] a5 il
vs. Temperature 0°C to +85°C +30
40°C to 0°C 80
vs. Supply Veltage +350
vs. Isalated Supply Load® 35
INPUT BIAS CURRENT
Initial @ 425°C 300 nA
vs. Temperaturs A0PC 10 +85°C 400 nA
INPUT DIFFERENCE CURRENT
Initial @ +25°C +3 nA
vs. Temperature ~A40°C to +85°C 40 nA
INPUT VOLTAGE NOISE
Input Valtage Noise Frequency > 10 Hz 20 ATz
DYNAMIC RESPONSE {2 k) Load)
Full Signal Bandwidth (-3 dBE) G =1V, 20V pk-pk Signal 100 120 kHz
Transport Delay” 22 s
Slew Rate 10V Output Swing ] Vips
Rise Time 1096 to 90%, £10 V Qutput Swing 3 s
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ADZISAY/BY
Parameter Conditions Min  Typ Max Units
DYNAMIC RESPONSE (2 k2 Load) Cont.
Settling Time o 20.10%, £10 V Owtput Swing 9 3
Owershoot 1 %
Harmenic Distortion Components. @ 1 kHe -80 dB
@ 10 kHz -85 dB
Overload Recovery Time G = 1%V, £15 V Drive 5 3
Output Overload Recovery Time GC=5 10 3
RATED OUTPUT
Voltage Out HI to Qut LO +10 v
Current 2k} Load 5 mh
Max Capacitive Load 500 pF
Output Resistance 1 0
Output Ripple and Noise” 1 MHz Bandwidth 10 mV pk-pk
50 kHz i 25 mV pi-pk
ISOLATED POWER OUTPUT®
Valtage Mo Load 15 1725 | V
ws. Temperature 0°C to +B5°C +20 mVrC
~A0PC ta 0°C +25 mV/C
Current at Rated Supply Volage*® 10 mA
Regulation Mo Load to Full Load -80 mViV
Line Regulation 200 mViv
Ripple 1 MHz Bandwidth, No Load? 5l mV s
POWER SUFPLY
Supply Voltage Rated Performance +14.5 215 £16.5 Ve
Operating'” £14.25 117 Vde
Current Operating (+15 V de/-15 V de Supplies) +4lV-18 mhA
TEMPERATURE RANGE
Rated Performance -4 +85 °®©
Storage -40 +85 b &
NOTES

*The gasn range af the AD215 is speciied fram 1 to 10 V/V. The ADZ15 can also be used with gums of up to 100 VIV. With 2 gain of 100 ¥/ 2 20% reduction in the
-3 d bandwirth sperification ocrurs and the nonlinearsty degrades 1 +0.02% typical.

“Wnen the isolated supply load exceeds +1 mA, exterral Alter capacitors am: required In order (o epsure that the gain, offset, 2nd nonlinearity specifications are pre-
served and to matntain the isolited supply full load ripple below the specified 50 mV ma. A valoe of 6.8 pF 1s recommended.

TMonlinearity s spectfied 25 2 percent (of full scale range) deviation from a best stralght lne

*The solation barrier (and rating) of every AD215 is 100% tested in productin using 2 5 secand partial discharge test with @ fallure detection thrashold of 130 pC. All
*B” grade devices are tested with 2 misiemum voltage of 1800 Vrms. All *A” grade devices an: trsted with 2 minimem voktage of 859 V s,

“The AD215 should be allowed 1o warm up for approximately 10 mnutes before any gain andlar offset adjistments are made,

“Equnvalent to 3 (1.8 degrees phase shuft.

Wiith the £ 15 V tic power supply pins bypassed by 2.2 4F capacitars ot the AD215

"Cautior: The ALZ215 design does not provide short circut protection of its isolated power supply. A current limiting nesistor may be placed in series with the balated
puwer termiunals and the I in order to protect the supply against inadvertent shorts

“With an input power uepply voltage greaster than or equal $15 V de. the ADZ15 may supply up to 215 mA from the solated power supplies.

"™ aliages lesx than 14.25 V dr may couse the AIZ1S to coae operating propedy. Valtage grester than +£17.5 V de may damage the Internal components of the
AD215 and consequently should not be used

Specifications subject 1o change without notice.
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MICROCHIP

Microcontroller datasheet

dsPIC30F1010/202X

28/44-Pin dsPIC30F1010/202X Enhanced Flash
SMPS 16-Bit Digital Signal Controller

Hote: This data sheet summarizes features of this group
of dsPIC30F devices and is not intended to be a complete
reference source. For more information on the CPU,
peripherals, register descriptions and general device
functionality, refer to the “dsPIC30F Family Reference
Manual™ (D'5T0046). For more information on the device
instruction set and programming, refer to the “dsPIC30F
33F Programmer's Reference Manual™ (DST0157).

High-Performance Modified RISC CPL:

Modified Harvard architecturs
C compiler optimized instruction set architecture
83 base instructions with fiexible addressing
modes
24-bit wide instructions, 16-bit wide data path
12 Kbytes on-chip Flash program space
512 bytes on-chip data RAM
16 x 16-bit working register amay
Up to 30 MIPS operation:
- Dual Intemal RC
- 9.7 and 14.55 MHz (+1%) Industrial Temp
- 6.4 and 9.7 MHz (+1%) Extended Temp
- 32X PLL with 480 MHz VCO
- PLL inputs £3%
- External EC clock £.0 to 14.55 MHz
- HS Crystal mode 6.0 to 14.55 MHz
32 interrupt sources
Three external interrupt sources
& user-selectable priority levels for each interrupt
4 processor exceptions and software fraps

DSP Engine Features:

Modulo and Bit-Reversed modes

Two 40-bit wide accumulators with optional
saturation logic

17-hit x 17-bit single-cycle hardware fractionall
integer multiplier

Single-cycdle Multiply-Accumulate (MAC)
operation

40-stage Barrel Shifter

Dual data fetch

Peripheral Features:

High-current sink/source 110 pins: 25 mARZS mé
Three 16-hit timers/counters; optionally pair up
16-bit timers into 32-bit imer modules

One 16-hit Capture input functions

Two 16-hit Compare/PWM output functions

- Dwal Compare mode available

J-wire SP1 modules (supports 4 Frame modes)
12C™ module supports Multi-Master'Slave mode
and 7-bit'10-bit addressing

UART Module:

- Supports RS-232, RS5-485 and LIMN 1.2

- Supports /DAY with on-chip hardware endec
- Auto wake-up on Start bit

- Auto-Baud Detect

- ddevel FIFO buffer

Power Supply PWM Module Features:

Four PWM generators with B outputs

Each PWM generator has independent time base
and duty cycle

Duty cycle resolution of 1.1 ns at 30 MIPS
Individual dead time for each PWM generator
- Dead-time resolution 4.2 ns at 30 MIPS

- Dead time for ising and falling edges
Phase-shift resolution of 4.2 ns @ 30 MIPS
Frequency resolution of 8.4 ns @ 30 MIPS
PWM modes supported:

- Complementary

- Push-Pull

- Muli-Phase

- Varable Phaze

- Cumrent Reset

- Current-Limit

Independent Current-Limit and Fault Inputs
Output Override Conirol

Special Event Trigger

PWM generated ADC Trigger



Analog Features:

ADC

* 10-bit resolution

= 2000 Ksps conversion rate

* LUpto 12 input channels

* “Conversion pairing” allows simultaneous conver-
sion of two inputs (i.e., current and voltage) with a
single trigger

* PWM control loop:
- Upto six conversion pairs available
- Each conversion pair has up to four PWM

and seven other selectable fnigger sources

* Interrupt hardware supports up to 1M intermupts
per second

COMPARATOR

* Four Analog Comparators:
- 20 n= response fime
- 10-hit DAC reference generator
- Programmable output polarity
- Selectable input source
- ADC sample and convert capable
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Special Microcontroller Features:

Enhanced Flash program memory:
- 10,000 erasefwrite cycle (min.) for

industrial temperature range, 100k (typical)
Self-reprograrmmalzle under software control
Power-cn Resat (POR), Power-up Timer (PWRT)
and Oscillator Start-up Timer (OS5T)
Flexible Watchdog Timer (WD T) with on-chip low
power RC oscillator for reliable operation
Fail-Safe clock monitor operation
Detects clock failure and switches to on-chip low
power RC oscillator
Programmabile code protection
In-Circuit Seral Programming™ (ICSP™)
Selectable Power Management modes
- Sleep, Idle and Altemate Clock modes

CMOS Technology:

Low-power, high-speed Flash technology
3.3 and 5.0V operation (+10%:)
Industrial and Extended temperature ranges

ANTMCMPIDNCMPABOSCH LK OYRET
PGO1EMUDNPWMIHTZCEAAT SICHRET
PGCUEMUC T EXTREFPWMILTI CEUN AR/ CHNORES
Voo

Was

[ PGC/EMUC/EDINIZDAUNRMRFT
[1 PGOYEMULDVEDOFSCLIUITX/RFE
[1 SFLTZINTOWOCFLTARAD

13
17
18

* PWM module interface * Low power consumption
- PWM Duty Cycle Conirol
- PWM Period Control
- PWM Fault Detect
= Special Event Trigger
* PWhi-generated ADC Trigger
Pin Diagrams
28-Pin SDIP and SOIC
wole g1~ 23h Avee
ANDICMP1ACNZRBO 2 27 O Aves
ANVUCMP1B/CNIRB1 3 26 ] PWMIL/RED
ANZICMP1CICMPZAICNAREZ 4 2 250 ewmMmiHRE]
ANZICMPIDICMP2E/CNSRES 5 S 240 PWMILREZ
ANAICMP2CICMPIAICHERBS & 23 PwmMzHIRES
ANS/ICMP2DICMP3B/CNTIRBS 7 ﬁ 22 ] PWM3L/RE4
vaz []8 & 21[] PWMIHIRES
ANGICMP3C/CMPAAIDSC 1ICLKIREE @ & 20f voo
0 £
O
O
[m
(m

PGDZEMUDZ SCHEAMSFLTAOCXINTZ'RFS

150 PGCHEMUCHOCI/SFLTIACHINTI/RDD
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FIGURE 1-2:

dsPIC3I0F2020 BLOCK DIAGRAM

¥ Data Bus
- 1 X Data Bus
I [ " 1'-5 s Hhe e
ntemut | . Data Laich| [Data Lateh
contoter| (| oo|550 8 T0e o | [
24 controi Block 255 bytes)| | (25 oytes) - -.-EDFLTHNTE.‘OCF_TA-RAB
ATAress ma-ess
| Laich PORTA
5 v acy|| xRAGU |
[FcuPcr | Per] K WAGY ANDICME1ACHZRED
rl_"DE'T‘ C?—JF-E' 5] AM1CMPABICHIRE
Ach I E (] I I ¥
Bdaress Laieh ot | ANZCMP1 CICMPIACNARED
Logle Logic ANNCMP1DICMP2E/CNE/RED
Program Memony L - =] ANAICMPRCICMPIAICNERES
(12 Kbyles) — f—= ] ANSICMP2DICMPIE/CHTIRES
. fa—e-{] AMBICMPICICMPAAT
" Efactive Agdress DSC1CLKURES
Data Latch 18 Y =[] ANT/CMP3I0ICMPLES
OSCHCLKO/RET
RO L3tn . PORTE
24
T
| [
i A | e
| 16216
Decodel ™| W RegAmay
Instnection 1
Decode & |} _HIEH‘_-:-
Corriro W
Conbrol 5 rals* * *ll} osP Divig
to Various Blocks Fower-up Engine Lnit
Timer
o ] Timing - Oisclllatar —y i [ | DO IE } [ AcH!
OSCHCLK1| Timing |+ start-op Timer ’ 4 | mqr-:_::'zﬁar.n-lucz OC1SFLTIAC
FOR W ALU=16= PORTD
53 Resat
TR Watchdog 5 IE
MCR Timer
Input Cutput
'::;l':';_aﬂl’:" 10-0it ADC Capture Compare Fo™ PWHM1LRED
- Modua Midue o | PWMTHIRED
i =[] PWMILRE2
L T Il [ | - PWMIHIRES
] PWMILRES
b I “— " " " -] PWMIHIRES
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SR Timers Chan el UART1 TICK! UARX/CNLRES
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- U1ATIICH1/RET
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PGDEMUD2ISCKSFLTI0C
| . INT2/RFS
O PECEMUCSIS DAL 1RXURFT
PEOEMUD/SD0 1 SCLUATIRFE
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TABLE 1-2: PINOUT /O DESCRIPTIONS FOR dsPIC30F2020
- Pin Buffer -
Pin Hame Description
Type | Type P

AMD-ANT | Analeg | Analkog input channels.

ANVDD P P Posifive supply for analog module.

Alfss P P Ground reference for analog moduls.

CLKI | STICMOS | Extemnal clock source input. Always associated with OSC1 pin function.

CLKO O — Oscillator crystal output. Conmects to erystal or resonator in Crystal
Oecillator mode. Opticnally functions as CLKO in RC and EC modes. Always
asaociated with OSC2 pin function.

EMUD o 5T ICD Primary Communication Channel data input’output pin.

EMUC 1O ST ICD Primary Communication Channel clock input'output pin.

EMLUD1 1o 5T ICD Secondary Communication Channel data inputfoutput pin.

EMLUIC1 o 5T ICD Secondary Communication Channel clock inputfoutput pin.

EMUD2 1o 5T ICD Terfiary Communication Channel data inputfoutput pin.

EMLIC2 o 5T ICD Terfiary Communication Channel clock inputfoutput pin.

IC1 | 5T Capture input.

INTD | 5T Extemnal interrupt O

IMTH | 5T Extemal intermupt 1

INT2 | 5T Extemal interrupt 2

SFLT1 | 5T Shared Fault Fin 1

SFLT2 | 5T Shared Fault Pin 2

SFLT3 | 5 Shared Fault Pin 3

PWMI1L 0 — PWM 1 Low output

PWMI1H o — PWM 1 High output

PWMZL 0O PWM 2 Low output

PWMZH 0 — PWM 2 High output

PWMaL o — PWM 3 Low output

PWM3H o — PWM 3 High cutput

PwWhdL o — PWM 4 Low output

PWM4H O — PWM 4 High cutput

MCLR P 5T Master Clear (Reset) input or programming voltage input. This pin is an
active low Reset to the device.

OC1-0C2 8] — Comipare outputs.

OCFLTA | Cutput Compare Fault pin

05C1 | CMOS | O=dillator crystal input.

Q5C2 o — Cecillator crystal output. Connects to crystal or resonator in Crystal Oscillator
made. Optionally functions as CLKO in FRC and EC modes.

PGD 1o 5T In-Circuit Serial Programming ™ data inputioutput pin.

PGC | 5T In-Circuit Serial Programming clock input pin.

PGD1 o 5T In-Circuit Serial Programming data inputfoutput pin 1.

PGCA | 5T In-Circuit Serial Programming clock input pin 1.

PGD2 o 5T In-Circuit Serial Programming data inputfoutput pin 2.

PGC2 | 5T In-Circuit Serial Programming clock input pin 2.

Legend: CMOS =  CMOS compatible input or cutput Analeg = Analog input

5T = Schmitt Trigger input with CMOS levels 8] = Qutput
I = Input P = Power

23
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TABLE 1-2: PINOUT IO DESCRIPTIONS FOR dsPIC30F2020 (CONTINUED)
. Pin Burffer N~
Pin Name Type Type Description
RBO-RB7 (8] 5T PORTE is a bidirectional L' port.
RAS L ST PORTA is a bidirectional I/O port.
RDO ([a] ST PORTD is a bidirectional 110 port.
REO-RE7 1O ST PORTE is a bidirectional L' port.
RF&, RF7, RF8 1O ST PORTF iz a bidirectional /O port.
SCK1 ({e] =10 Synchronous senal clock inputfoutput for SPI#1.
SDi | ST SPI #1 Data In.
S0DOo1 0 — 5Pl #1 Data Out.
SCL (i} ST Synchronous senal clock inputfoutput for Fom™.
SDa [[lw ST Synchronous senal data inputfoutput for e,
TiCK | ST Timeri extemal chock input.
T2CK | ST Timer2 extemnal chock input.
UIRX | 5T UART1 Receive.
UITX 8 — UART1 Transmit.
U1ARX | ST Altemate UART1 Receive.
UIATX 0 0 Alternate UART1 Transmit.
CMP1A I Analog | Comparator 1 Channel A
CMP1B | Analog [ Comparator 1 Channel B
CMP1C | Analog | Comparator 1 Channel C
CMP1D | Analog [ Comparator 1 Channel D
CMP2A | Analog [ Comparator 2 Channel A
CMP2B | Analog [ Comparator 2 Channel B
CMPZC I Analog | Comparator 2 Channel C
CMP2D | Analog | Comparator 2 Channel D
CMP34A | Analog [ Comparator 3 Channel &
CMP3B | Analog [ Comparator 3 Channel B
CMP3C | Analog | Comparator 3 Channel C
CMP3D | Analog [ Comparator 3 Channel D
CMP2A | Analog [ Comparator 4 Channel A
CMP4B | Analog [ Comparator 4 Channel B
CMO-CHT | ST Input Change notification inputs
Can be software programmed for intemal weak pull-ups on all inputs.
VDD P —_ Positive supply for logic and 170 pins.
Va5 P — Ground reference for logic and /O pins.
EXTREF | Analog | External reference to Comparator DAC
Legend: CMOS = CMOS compatible input or output Analog = Analog input
ST = Schmitt Trigger input with CMOS levels O = Cuiput
| = Input P =  Power
N Microcontroller operating code
1/
2 /I* fiberpic.c

3/

4 /[* Code to run dsPIC30F2020 with fiber optérial modem to send ADC data

5 /I* Requires C30 compiler
6 /I

71
8
9 #include <p30f2020.h>
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10 /#include <stdio.h>
11 //#include <math.h>
12
13
14 /1
15 //* Configuration Bits
16 /1
17 //IFcy=(SOURCE OSCILLATOR FREQUENCY * PLL MULPLIER)/(PROGRAMMABLE POSTSCALER * 4)
18

19

20 _FOSCSEL(FRC_PLL) //Select Fast RC oscillator with PLL

21 _FOSC(CSW_FSCM_OFF & FRC_HI_RANGE & OSC2_I®1&_EC_DIS); //if HI Fcy=30 MHz and Tcy=33.3 ns

22 /[_FPOR(PWRT_128)

23

24 _FWDT(FWDTEN_OFF & WDTPRE_PR32 & WDTPOST_PS1)Turn OFF Hardware WDT enable and set config bi
25 _FGS(CODE_PROT_OFF & GWRP_OFF); /I Code Protect OFF

26

27
2811
29 // Function prototypes
301/
31
32 #define testbit(data,bitno) ((data>>bitno)&0gQ)

33 #define setbit(data,bitno) data=(data&(0x00¢Hitno))

34

35 //Median filter definitions

36 #define PIX_SORT(a,b) { if ((a)>(b)) PIX_SWARYJ,(b)); }
37 #define PIX_SWAP(a,b) { int temp=(a);(a)=(b)#temp; }
38

39 void initCORE(void); /linit core regist

40 void timersetup(void);  //setup timers

41 void adcsetup(void); /Isetup ADC

42 void uartsetup(void); /Isetup uart ferial output

43 void iosetup(void); /Isetup io

44 void pwmsetup(void); /lsetup PWM getera

45 void INTsetup(void); IIsetup interupts

46 void TxData(void); [lprint output datb terminal
47 void PWMstart(void); /lenable PWM piusd start pulse timer
48 void PWMstop(void); /ldisable PWM pizasd stop pulse timer

49 void PWMIlockout(void);  //PWM lockout timeprevents EMI during shutdown from triggering sed pulse
50 void PWMcontrol(void);  //PWM control lopppdates frequency or duty cycle

51 void PSprintdata(void);  //Pring PWM puti#a to console

52 void cIrRXdata(void); /lclear RX dataffen

53

54 void __attribute__ ((interrupt, auto_psv)) _ftérrupt(void);

55 void __attribute__((interrupt, auto_psv)) _fitetrupt(void);

56 void __attribute__((interrupt, auto_psv)) _fitetrupt(void);

57 void __attribute__ ((interrupt, auto_psv)) _ADt@rrupt(void);

58 void __attribute__((interrupt, auto_psv)) _ XiRterrupt(void);

59

60 void __attribute__((interrupt, auto_psv)) _Miterrupt(void); //interupt for error detectiorofn i/o extender
61 void __attribute__((interrupt, auto_psv)) _INiterrupt(void); //interupt for push button

62 void __attribute__((interrupt, auto_psv)) _Mterrupt(void); //interupt for optical trigger in

63

64 void printSerial_int(unsigned int); /I print unsigned int

65 void printSerial_binary_int(unsigned int); // print unsigned int as binary string

66 void printSerial_signed_int(signed int val)¥/ print signed int

67 void printSerial_str(char *); /I print char string from ram

68 void printSeriaROM_str(const char * str); // print char string from rom

69 void printSerial_ASClI(char value); /I print single char value

70 void parse_string(char *); /I parse string for data

71int str_to_int(char *); /I convert ascii numeric string to an int

72 int opt_med3(int * p); /I execute median filter on given 3 element array
73

7411

75 /l Variables / const (const puts value in ppogmemory instead of ram)

7611

77 const char ResetString[]={"RESET\\n\0"}; //

78 const char InvalidString[]={"\r\nInvalid Commd, type \"help\" for commands\r\n\0"}; //
79 const char InvalidNumberString[]={"\r\nNumbeut of bounds\0"};

80 const char ResetlnitString[]={"\r\nInitiatirds PIC reset\r\n\0"};

81 const char ADCString[]={" ADCcnt=\0"}; I

82 //const char TimeString[]={" SYSt=\0"}; I

83 /Iconst char SpaceString[]={" \0"}; I

84 //const char RXUARTString[]={" RXUART=\0"}; I
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85 const char SbufString[]={" Sbuf=\0"}; I
86 const char PulseString[]={"\r\nPulse trig lrial command\0"};
87

88 const char freqString[]={"\\nPWM Frequencyf00=>20kHz)=\0"};

89 const char dtyString[]={"\\nPWM Duty Cycle(000=>100%)=\0"};

90 const char ptimeString[]={"\r\nPWM pulse tird@100=>10ms)=\0"};

91 const char vsetString[]={"\r\nVout set poir@@0=>80kV)=\0"};

92 const char vlimitString[]={"\r\nVIimit set pat(08000=>80kV)=\0"};

93 const char kpString[]={"\r\nKp=\0"};

94 const char kiString[]={"\r\nKi=\0"};

95 const char Ch0123String[]={"ADC[0123]=\0"};// String lables for ADC ch 0,1,2,3

96

97 const char CLS[]={0x1b,0x5b,0x32,0x4a}; // clear terminal screen sequence for VT100 etialac ESC[2 J >

98 const char NL[]={"\r\n\0"}; /I carage return and line feed

99 const char HOME[]={"\r\0"}; /I carage return without line feed
100

101 // raw value from ADC

102 int  ADC_Ch0=0; /Elial ADC value

103 int ADC_Ch1=0; /Elial ADC value

104 int ADC_Ch2=0; /Elial ADC value

105int ADC_Ch3=0; /Elial ADC value

106

107 char received,; /I URRx data element

108 char RxDataString[80]; /I URRX data string

109 int RxDataPoint = 0; /I URRX data string pointer

110

111 struct{

112  unsigned TxDataReady :1; /&rait data

113  unsigned RxDataReady :1; llpsscreceived data

114  unsigned PSDataReady :1; KranPWM data

115 }ProgCON; /I [18 program control flags

116

117 /lcounter variables

118 unsigned int MAINcount=0; /I mgirogram loop counter

119 unsigned int ADC_INTcount = 0; /I ABnversion complete interupt counter
120 unsigned int TMR1_INTcount = 0; /I @t interupt counter

121 unsigned int TMR2_INTcount = 0; / & interupt counter

122 unsigned int TMR3_INTcount = 0; /I €r8 interupt counter

123 unsigned int ULIRX_INTcount = 0; /I URRX interupt counter

124

125 //data variables for power supply operation

126 int IIN_DATA_MAX = 0; /I magurrent from bank

127 int IIN_DATA_MIN = 0; /I miourrent from bank

128 int VIN_DATA_MAX = 0; /I maxoltage on bank at start of pulse
129 int VIN_DATA_MIN = 0; /I mimoltage on bank at end of pulse
130 int IOUT_DATA_MAX = 0; /I magurrent to load

131 int VOUT_DATA_MAX = 0; /I maxoltage to load

132 int TVSP_DATA = 0; /I tnto reach data setpoint

133 int TVMAX_DATA = 0; // timto reach max voltage

134

135 //control variables for power supply operation

136 struct{

137  /lunsigned interlock :1; //mustde to 1 to enable triggering (not yet implimented)
138 unsigned dummypulse :1;  //set is durpoige is running(no PWM output)

139 unsigned ConFreq :1; //set if otegulation via freq control

140 unsigned PWMlockout :1;  //set if PWdtkout is enabled

141  unsigned PSerror :1; /lerror in posupply

142  unsigned aboveVlimit:1;  //power supplier voltage

143 unsigned extINTerror:1;  //externakimipt error

144 unsigned lowVin:1; /IVin readitwp low (no charge or disconnected input)

145  unsigned lowVout:1; /IVout notdesy above set threshold within set time

146  }PSCONFIG; /1 [15..0] pemsupply operation control flags

147

148 /Ivariables for PWM control

149 int PWMfreq = 220; /IPWMfreq=2f 20kHz (used for user input for const freq opierg
150 int PWMper=47000; /IPWMper=4736020khz (used in control loop for increaced sf)ee
151 int Dty = 100; /IPWM duty ¢gc00 => 100%

152

153 /Isetpoints and limits

154 int Vset = 7500; /loutput vgltasetpoint 8000=80kV

155 int VIimit=8500; /loutput votfa upper limit (85kV)

156 int Vinmin=150; /linput voltagninimum limit for power supply operation

157 int Ptime = 10; /Ipulse tinegmint in uS 100=10ms (duration of output pulse)

158 int LOCKtime=100; /Nockout tigpest pulse trigger inhibit) setpoint in uS (10071)

159 int Fmax=250; /Imax frequehimit(user input)



160 int Fres=185; /Iresonangfirency(user input)

161 int PWMpermin=37600; /Iminimum PWidriod(corosponds to maxumum frequency)

162 int PWMperres=50810; /Iresonant PWviod(corosponds to resonant frequency)

163 /lint Fmin=150; /Imin frequeremit(user input)

164 int Dtymax=100; /Imax duty ymit

165 int Dtymin=50; /Imim duty dgdimit

166 int VoutminTH=2; /IVout starttireshold(5=50%Vset, if not above threshold, gegitime, shutdown)
167 int VsetTH=750; /IVout startimpernal threshold (pre-calc value to eliminateide operation in loop)
168 int VoutminTHtime=10; /IVout startthreshold time(10=0.1ms)

169 int VoutminTHtimeTMR2=0; /IVout starttipreshold time converted to counts of TMR2
170
171 //PID variables

172 int Kpfreq=0; /Ipreportirtatm gain

173 int Kifreq=0; /lintegral tergain

174 int Kilimit=2000; /Nimit on iegral accumulator
175 signed int KIACC=0; /lintegral teaccumulator
176

177 int ADC_convINTcount=0; //ADC interuptsrihg the pulse
178 int ADC_trigINTcount=0;  //ADC trigger regsts during pulse

179 //int ADCthcnt=0; /IADC samplesder a given threshold######t##debuging
180 //int ADCth=200; /IADC sampleeshold####t##debuging
181

182 //measured voltage and current

183 int Vout=0; /loutput vaje

184 int lout=0; /loutput curte

185 int Vin=0; /linput voltag

186 int lin=0; /linput curtten

187 signed int Vouterror=0; IIvoltage erro

188

189 /Ipulse data storage

190 int VinBuff3[3]; Ilcyclic buffefor ADC input
191 int VinBuff3ptr; [larray elentgrointer

192 int MedianBuff[3];

193 //int timearr[40];

194 //int Voutarr[40];

195 //int Vinarr[40];

196

197 /1

198 // *kkkkkkkk MAIN funCtIOn * kkkkkkkkkkkk
199 /1

200 int main(void){

201

202 /Ifor safety, the first thing on power up, makre pwm output is stopped
203 /fincase processor crashed and reset, leBWig generator in the on state
204  //Overide PWM outputs to shutdown pwm

205 |OCON1bits. OVRENH=1; /I PWADiIn override output value =OVRDAT<1> (1) or PWMrgoutput(0)
206 IOCON1bits.OVRENL=1; /I PWNpin override output value =OVRDAT<0> (1) or PWMmoutput(0)
207 1OCON2bits.OVRENH=1; /I PW\pin override output value =OVRDAT<1> (1) or PWMrgoutput(0)
208 |OCONZ2bits.OVRENL=1; /I PWNpin override output value =OVRDAT<0> (1) or PWMmoutput(0)
209 IOCONB3bits.OVRENH=1; /I PWW\pin override output value =OVRDAT<1> (1) or PWMrgoutput(0)
210 IOCONB3bits.OVRENL=1; /I PWNpin override output value =OVRDAT<0> (1) or PWMmoutput(0)
211

212 PSCONFIG.PWMlockout=1; /leleaPWM lockout

213 PSCONFIG.ConFreqg=1, feet (Feedback on by default)

214

215 /finitilize non-critical systems

216 initCORE(); /ltiisiystem

217  uartsetup(); /ey ART for communication

218 adcsetup(); /upeADC

219 timersetup(); Ilugetimers

220 iosetup(); /Ihget/o pins and ports

221  pwmsetup(); /luePWM system

222

223 /Inow that timers are setup lockout PWM fosigeated time on startup
224 [/since the first PWMstop() is called befareer setup, it may cleared

225 PWMIlockout(); /Istimer2 for PWM lockout MUST BE CALLED AFTER PWMsp()
226

227 [finitilize interupts(after PWM lockout is sted)

228  INTsetup(); /\geiINT 0,1,2 interupts

229

230 //init received character value and printRESET to console

231 received="0"

232  printSeriaROM_str(ResetString);  //pomt string that says "RESET"
233

234 //print out cause of reset and intcon1 comégan

27
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235 /I printSerialROM_str(NL);

236
237
238
239
240
241
242
243

printSeriaROM_str("RCON=\0"); //priout RCOD data to display cause of reset
printSerial_binary_int(RCON);

printSeriaROM_str(NL);

printSerialROM_str("INTCON1=\0"); //ptimtconl to display configuration of interupts
printSerial_binary_int(INTCON1);

printSerialROM_str(NL);

printSerialROM_str(NL);

244 |lalert if watchdog timer timeout was causeeskt
245 if(RCONDbits. WDTO==1){

246
247

248}

249
250

printSerialROM_str("WDT RESET: Woof Wod&The Watchdog\" did not get feed \r\n\0");
RCONDbits. WDTO=0;

251 // Main Program Loop (entire program is infrdriven)
252 while(1){

253

254 MAINcount++; /I incremtdoop counter

255

256 //Power supply error

257  if(PSCONFIG.PSerror==1){

258 printSerialROM_str("\r\n---------- Powsupply error:---------- \0");
259 PSCONFIG.PSerror=0;

260

261 //output over voltage limit error

262 if(PSCONFIG.aboveVlimit==1){

263 printSerialROM_str("\r\nOutput oveltage\0");

264 PSCONFIG.aboveVIimit=0;

265

266 /lexternal interupt error

267 if(PSCONFIG.extINTerror==1){

268 printSerialROM_str("\r\nExternata interupt\0");

269 PSCONFIG.extINTerror=0;

270 }

271

272 [IVin capacitor bank feedback sensor noected or voltage too low
273 if(PSCONFIG.lowVin==1){

274 printSerialROM_str("\r\nVin toowoor sensor disconected\0");
275 PSCONFIG.lowVin=0; D@ link undervolt flag

276 }

277

278  [//Vout feedback sensor not conected dageltoo low during startup
279 if(PSCONFIG.lowVout==1){

280 printSerialROM_str("\r\nVout tama or sensor disconected\0");
281 PSCONFIG.lowVout=0; Output undervolt flag

282 }

283

284  //Power supply error list newline to pnetast entery from being covered by ADC data outpu
285 printSeriaROM_str(NL);

286 printSerialROM_str(NL);

287 '}

288

289

290 //transmit PS data

291  if(ProgCON.PSDataReady==1){

292 PSprintdata();

293 ProgCON.PSDataReady=0;

294}

295

296 //transmit data string

297 if (ProgCON.TxDataReady==1){

298 TxData(); /Insanit data

299 ProgCON.TxDataReady=0;

300 }

301

302 //parse recived data if ProgCON.RxDataReadgtdy interupts

303 if (ProgCON.RxDataReady==1){

304

305 printSerialROM_str(NL);

306 printSeriaROM_str(SbufString);

307 printSerial_str(RxDataString);  // print received string to terminal
308

309 parse_string(RxDataString);  // Parse received string for commands



310
311
312
313
314

clrRXdata(); /lclear RX data buffer
ProgCON.RxDataReady=0; /lclear program control flag to parse data
Ylend if

315 }/end while
316 }/end main

317
318
319 /1
3201//
3211/

Transmit data set as ASCII srting

322 void TxData(void){

323
324
325
326
327
328

347
348/
349
350
351

355 //
356 //
357 /1

printSerialROM_str(HOME);

if (received=="#'}{
printSerialROM_str(CLS);
received=0;

Mlend if

else {

printSerialROM_str(Ch0123String);
printSerial_signed_int(ADC_Ch0);
printSerial_signed_int(ADC_Ch1);
printSerial_signed_int(ADC_Ch2);
printSerial_signed_int(ADC_Ch3);
printSerialROM_str(ADCString);
printSerial_int(ADC_INTcount);

printSerialROM_str(" ADCth=");
printSerial_int(ADCthcnt);

printSerialROM_str(ConfigString);

printSerialROM_str(SbufString);
printSerial_str(RxDataString);

printSeriaROM_str(NL);

} /lend else

U1RX interrupt, triggered by incoming sédata

358 void __attribute__ ((__interrupt__)) _ U1RXImtgat(void){

359
360
361
362
363

IFSObits.U1RXIF = 0; /I cleatarrupt flag
U1RX_INTcount++; /I incrementerupt counter

while(U1STADbits.URXDA)Y /lwhile #re is data in buffer

received = ULRXREG; /Ireceived character into tempalale
/l(reading the character, pogsoin buffer stack)

if(received == '$'){

clrRXdata(); /lclear RX data buffer
RxDataString[RxDataPoint]=received; // store received char into Rx data string
RxDataPoint++; /I incriment pointer

Mlend if

else if(received == "\r'){ /lif carage return
RxDataPoint++; /lincriment pointer
RxDataString[RxDataPoint]=0"; [/lwrite zero after end of data
RxDataString[80]="0"; Ilwrite zero to end of string buffer (backayerflow prevention)
RxDataPoint = 0; /Ireset pointer beck to beginning of string
ProgCON.RxDataReady=1; /Iset program control flag to parse data

Ylend else if
else if(received == 0x08){ Ilif backspace
if(RxDataPoint>0){RxDataPoint--;} /ldecriment pointer if greater then zeroggisst clear the first char

29



385 RxDataString[RxDataPoint]="0"; Ilwrite zero after end of data
386 }lend else if

387

388 else{

389 RxDataString[RxDataPoint]=received; /I store received char into Rtadstring
390 RxDataPoint++; /I incriment pointer

391 Ylend else

392

393 }l/end while

394

395}

396

397

398 //

399 // Clear RX data buffer

400 /I

401 void clrRXdata(void){

402  RxDataString[0]="0"; /Iclear buffer (write zeros)

403 for(RxDataPoint=0; RxDataPoint!=80; RxORaant++){

404 RxDataString[RxDataPoint]="0"; /Iclear buffer (write zeros)

405  }lend for

406 RxDataString[80]="0";

407 RxDataPoint = 0; /I UART Rx data string pointer
408}
409
410
411 /1
412 /I INTO interrupt, error detection from i/otemder
413 /1
414 void __attribute__ ((__interrupt__)) _INTOImtgt(void)

415 {

416  IFSObits.INTOIF = 0; / ak€0) interrupt flag

417  PWMstop(); //138WM output

418 PSCONFIG.PSerror=1; /lesedr flag

419 PSCONFIG.extINTerror=1, /I egternal interupt error flag

424 11
425 /I INT1 interrupt, front panel push button
426 11
427 void __attribute__ ((__interrupt__)) _INT1limgpt(void)

428 {

429  IFS1bits.INT1IF = 0; / ak€0) interrupt flag

430

431 //start PWM pulse

432  if((IOCON1bits.OVRENH==1)&(PSCONFIG.PWMIloaut==0)){ /I If the pulse isnt running afatkout disabled
433 if((Vin<Vinmin)&(PSCONFIG.dummypulse®H{

434 PSCONFIG.PSerror=1; set/power supply error flag
435 PSCONFIG.lowVin=1; sef DC link undervolt flag
436 PWMstop(); shiit down power supply

437

438 else{

439 PWMstart(); /I staige timer and enable outputs
440  }

441}/ end of if statement

442

443}

444

445

446

447 II

448 // INT2 interrupt, optical trigger in

449 /]

450 void __attribute__((__interrupt__)) _INT2Irmgt(void)

451 {

452  |IFS1bits.INT2IF = 0; // at¢0) interrupt flag

453

454 //start PWM pulse

455  if((IOCON1bits.OVRENH==1)&(PSCONFIG.PWMIloaut==0)){ /I If the pulse isnt running afatkout disabled
456 if((Vin<Vinmin)&(PSCONFIG.dummypulse®H{

457 PSCONFIG.PSerror=1; set/power supply error flag

458 PSCONFIG.lowVin=1; sdf DC link undervolt flag

459 PWMstop(); shiit down power supply



460 }

461 else{

462 PWMstart(); /I stadige timer and enable outputs
463 }

464}/ end of if statement

465
466 }
467
468
469 /1
470 // TMR1 interrupt, used to trigger ADC
47111
472 void __attribute__ ((__interrupt__)) _T1Intgrvoid)

473 {

474  IFSObits.T1IF = 0; /I cleaterrupt flag, set when timer=PR1
475 TMR1=0; /I cleaner register

476

ATT |[#HHHH I H#Hfor testing

478  if(IOCON1bits. OVRENH==0)){ //if theytse is active

479 ADC_trigINTcount++; /IADC imgpts during the pulse

480 }

481

482 //ADC now triggered using speciel event trigigem TMR1 period match

483 // ADCPCObits.SWTRG0=1,; /IStarheersion of ANO and ANL1 if trigger source is SWTRG
484 /| ADCPCObits.SWTRG1=1; /IStarheersion of AN2 and AN3 if trigger source is SWTRG
485}

486

487

488

489 /I

490 // TMR2 interrupt, used to time power supplyput pulse

491 /1

492 void __attribute__((__interrupt__)) _T2Intgutvoid)

493 {

494  IFSObits.T2IF = 0; /I cleaterrupt flag, set when timer=PR2

495  T2CONDbits. TON=0; /I 1=>rst@mer, 0=> stop timer

496 TMR2=0; /I cleaner register

497  |ECObits.T2IE = 0; /I disalil@er interupt(timer not runing after pulse ends)

498

499 /ltrigger PWM lockout

500 if((IOCON1bits. OVRENH==0)){  //if PWMsirunning

501 PSCONFIG.PWMIlockout=1;  //fenab#/¥ lockout

502 PWMlockout(); /Istarngr2 for PWM lockout

503 ProgCON.PSDataReady=1; //settfiggrint PWM data to console
504 }

505 else{ /lif PWNckout enabled and pulse not running
506 PSCONFIG.PWMIlockout=0;  //cleazkout

507 }

508 //stop PWM pulse(called twice,at pulse endlankiout end for safety)

509 PWNMstop(); /Istop PVyMise

510}
511
512
513 //
514 // TMR3 interrupt, used to send data I/O
515 //
516 void __attribute__((__interrupt__)) _T3Intgui(void)

517 {

518 IFSObits. T3IF = 0; /I cleaterrupt flag

519 TMR3=0; /I cleaner register (reset timer)

520 ProgCON.TxDataReady = 1; /Iset mogcontrol flag to transmit data

523 /1
524 /| PWMstart enable PWM outputs and start TMd&&me pulse lenght
525 /1
526 void PWMstart(void){

527

528 //set control variables to default

529 //duty cycle = 100% (varies between 50-100%)

530 //PWMfreq controls PWM frequency 200 => 20kHz

531 PWMfreg=Fres;

532

533 //clear old pulse data

534 IIN_DATA_MAX =0; /I max crent from bank
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535 IIN_DATA_MIN =9999; /I min crent from bank(set to large number, so less themadjpn will overwrite)
536 VIN_DATA_MAX =0; /I max vtage on input

537 VIN_DATA_MIN = 9999; /I min viglge on input(set to large number, so less theratipa will overwrite)
538 IOUT_DATA_MAX = 0; /I max cemt to load

539 VOUT_DATA_MAX =0; /I max vialge to load

540 TVSP_DATA=0; /I timeteach data setpoint

541 TVMAX_DATA=0; /I time teeach max voltage

542

543 //clear old variables

544  KiACC=0; /lintegttarm accumulator

545 ADC_convINTcount=0; /IADC intppts during the pulse

546  ADC_trigINTcount=0; /IADC tder requests during pulse

547 VsetTH=Vset/10;

548  VinBuff3[0]=Vin; Ilcyclic uffer for ADC input

549  VinBuff3[1]=Vin; /lcyclic uffer for ADC input

550 VinBuff3[2]=Vin; /lcyclic uffer for ADC input

551  VinBuff3ptr=0; [/larrayeshent pointer

552

553

554 //set timer 1 to trigger ADC at higher sampliate during pulse

555  T1CONbits. TCKPS=0b00; /I presc@b00=>clk/1, 0b01=>clk/8, 0b10=>clk/64, Ob11++256
556 TMR1=0; /I cleaner register

557 PR1=200; /I Intg@rafter this many cycles

558

559 //Toggle PWM generator enable to reset timeba®

560 PTCONDbits.PTEN=0; /I Enab)edr Disable(0) PWM timebase

561 PTCONbits.PTEN=1; /I Enab)egr Disable(0) PWM timebase

562

563 //set PTCONbits.EIPU=1 during changes of gteind duty cycle so they take place before theecytzrts
564 PTCONDbits.EIPU=1; Atttive period updates immediatly(1) or on cycleibderies(0)
565

566 if(PSCONFIG.ConFreq==1){ if ith frequency control mode

567 PWMper=(Vset/(Vin+1))*1724+29706;fafter calculation of PWM period(fewer devides rieg)
568 }

569 elsef ménual frequency setpoint for testing

570 PWMper=235%40000/PWMfreq); PTPER<15:3>: PWM Time Base Period Value bits (20kH7000 ~(235*200) for complimentary,)
571}

572

573

574 PTPER=PWMper;

575 MDC=PTPER/2; /I MDC<@5:PWM MASTER DUTY CYCLE REGISTER (0xFFFF to 0x0Q08
576 DTR1=50+(PTPER/2)*(100-Dty); // Deadhé register

577 DTR2=DTR1; /I Deanhéi register

578 DTR3=DTR1; /I Deanhéi register

579 ALTDTR1=DTR1; /I AlterteaDead time register

580 ALTDTR2=DTR1,; /I Deadht register

581 ALTDTR3=DTR1,; /I Deadht register

582 PHASE1=0; /I PWM ¢ibase phase shift time value

583 PHASE2=PTPER*1/3; /I PWM ¢ibase phase shift time value

584 PHASE3=PHASEZ2*2; /I PWM éibase phase shift time value

585

586 PTCONDits.EIPU=0; /I Actiperiod updates immediatly(1) or on cycle boundédies

587

588 /[------------- start watchdog timer before peH---------------

589 RCONbits.SWDTEN=1;  //turn on(1) or off@)ftware watchdog timer enable

590

591 /[---mmmmmmmmmean code to start output pulse-—-----------

592 /I now config timer 2 to control poveipply output pulse

593 /IPtime => pulse time setpoint 100=40m

594 PR2=(460*Ptime)/10; /I (46926ms) Interrupt after this many cycles timer run§@sc/4
595 /IVoutminTHtime=> Vout startup thre&htime(10=0.1ms)

596 VoutminTHtime TMR2=(46*VoutminTHtime)31 //set startup threshold timer

597

598 /I start countdown

599 TMR2=0; /I cleaner register

600 IECODbits.T2IE = 1; /I 1=> blminterrupts, 0=> disable interupts

601 T2CONDbits. TON=1; /I 1=>rst@mer, 0=> stop timer

602

603 //enable pwm pins

604 IOCON1bits.PENH=1; /l PWMpin is enabled(1, PWM) or disabled(0, genem)l i/
605 IOCONZ2bits.PENH=1; /I P\Wi¥Ipin is enabled(1, PWM) or disabled(0, genew) i/
606 IOCON3bits.PENH=1; /I PWMpin is enabled(1, PWM) or disabled(0, genem)l i/
607

608 IOCON1bits.PENL=1; /I PWMpin is enabled(1, PWM) or disabled(0, genema) i/

609 IOCONZ2bits.PENL=1; /I PWMpin is enabled(1, PWM) or disabled(0, genemay i/



610 IOCONB3bits.PENL=1; /I PWMpin is enabled(1, PWM) or disabled(0, genera) i/

611

612 //Enable PWM outputs

613 IOCON1bits. OVRENH=0; /I PW\pin override output value =OVRDAT<1> (1) or PWMrgoutput(0)
614 IOCON1bits.OVRENL=0; /I PWWNpin override output value =OVRDAT<0> (1) or PWMmoutput(0)
615 IOCON2bits.OVRENH=0; /I PW\pin override output value =OVRDAT<1> (1) or PWMrgoutput(0)
616 I0OCON2bits.OVRENL=0; /I PWNpin override output value =OVRDAT<0> (1) or PWMmoutput(0)
617 I0OCONB3bits.OVRENH=0; /I PWADin override output value =OVRDAT<1> (1) or PWMrgoutput(0)
618 IOCON3bits.OVRENL=0; /I PVINpin override output value =OVRDAT<0> (1) or PWMmoutput(0)
619}

620

621 //

622 // PWMstop disable PWM outputs and stop pulse

623 //

624 void PWMstop(void){

625

626 //set timer 1 (ADC trigger) to lower samplirege after pulse

627  T1CONbits. TCKPS=0b01; /I presc@b00=>clk/1, 0b01=>clk/8, 0b10=>clk/64, Ob11-4+256

628 TMR1=0; /I cleaner register

629 PR1=10000; /I Intgrafter this many cycles 16mhz

630

631 /[-----mmnmmemeen code to stop output pulse—------------

632

633  //Overide PWM outputs to shutdown pwm(sefitching shutdown, activates at cycle boundary)

634 IOCON1bits. OVRENH=1; /I PWMHhpverride output value =OVRDAT<1> (1) or PWM geutmut(0)
635 IOCON1bits.OVRENL=1; /I PWMLrpoverride output value =OVRDAT<0> (1) or PWM geutut(0)
636 |IOCON2bits. OVRENH=1; /I PWMHhpoverride output value =OVRDAT<1> (1) or PWM geutmut(0)
637 IOCON2bits.OVRENL=1; /I PWMLrpoverride output value =OVRDAT<0> (1) or PWM geutut(0)
638 IOCONB3bits. OVRENH=1; /I PWMHhpoverride output value =OVRDAT<1> (1) or PWM geutmut(0)
639 IOCONB3Dbits.OVRENL=1; /I PWMLrpoverride output value =OVRDAT<0> (1) or PWM geutut(0)
640

641 /[--------m---- stop watchdog timer after pulse------------

642 RCONbits. SWDTEN=0; [turn dN6r off(0) software watchdog timer enable

643

644 [[--------mmmme clear dummy pulse flag ifwtas a dummy pulse-----------

645 PSCONFIG.dummypulse=0; /[dummig@diag

646}

647

648 //

649 /[ PWMlockout starts timer2 for a time duringich the pulse can't be re-triggered

650 //

651 void PWMlockout(void){
652 PR2=(469*LOCKtime)/10;  // (1173=>1Qnhsterrupt after this many cycles timer runs asé/d

653 TMR2=0; /I clear timegister

654 |ECObits.T2IE =1; /I 1=> enabiterrupts, 0=> disable interupts
655 T2CONbits. TON=1; /I 1=> stamér, 0=> stop timer

656 }

657

658 //

659 // ADC interrupt, triggered when ADC convers@mpletes

660 //

661 void __attribute__ ((__interrupt__)) _ADCIntgyt(void)

662 {

663  IFSObits.ADIF=0; /I reset intpt flag

664 ADC_INTcount++; /l'inc intertupounter

665

666 if(ADSTATbits.PORDY==1){ /lif ADC pai® converted

667 ADC_ChO = ADCBUFO; /1 pin 2 (Vout

668 ADC_Chl = ADCBUF1; /I pin 3 (Iput

669 ADSTATbits.PORDY=0; /I ADSTATDIE#RDY Conversion Data for Pair # Ready(1)
670}

671 if(ADSTATbits.PIRDY==1){ /lif ADC pait converted

672 ADC_Ch2 = ADCBUF2; /I pin 4 (Vin)

673 ADC_Ch3 = ADCBUF3; /I pin 5 (lin)

674 ADSTATbits.PIRDY=0; /I ADSTATbIE#RDY Conversion Data for Pair # Ready(1)
675}

676

677 [[-----mmmmmmmem- calculate voltages and curtg from ADC inputs

678 Vout=(ADC_Ch0*10); /lassuming 006100kV (20000:1 probe)
679 lout=(ADC_Ch1); /lassumingp?rbe (?:1)

680 Vin=(ADC_Ch2); /lassuming Qffobe(1kV in = 5V => ADC_Ch2=1013) 1000=1kV
681 lin=(ADC_Ch3); /lassumingpebe (?7:1)

682

683

684 //if(Vin<ADCth){ADCthcnt++;} I#####reshold counter for testing
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685

686 //---------mn-m-- run control loop--------=-=====-==nmnnmuumn

687 if(IOCON1bits. OVRENH==0)){//if the pulse (@lummypulse) is active, so start control loop
688 ADC_convINTcount++; /IADC interspduring the pulse

689 PWMcontrol(); /I Use new ADf@ta to update Dty or Freq

690 }//end if

691

692 /[-----nmmmmmmen clear watchdog timer-----------------------

693 //for safety WDT is enabled during pulse, WDITl reset dsPIC in 2mS if not cleared in contrmbp
694 asm("CLRWDT"); /Iclear watduggltimer if control loop is running

695 }

696

697

698 //

699 // Sort 3 element array and return medianevalu

700 //

701 int opt_med3(int * p){
702  PIX_SORT(p[O],p[1]);
703 PIX_SORT(p[1],p[2]);
704  PIX_SORT(p[O],p[1]);
705  return(p[1]) ;

706 }

707

708

709 //

710 /I Update PWM control variables

711 /1

712 void PWMcontrol(void){

713

714 11 filter data:

715

716 /lwrite to cyclic buffer

717 /I VinBuff3ptr++; /larrayeghent pointer
718 //if(VinBuff3ptr>2){ lIres@ointer

719 /I VinBuff3ptr=0;}

720 /I VinBuff3[VinBuff3ptr]=Vin;  //cyclic luffer for ADC input

721

722 /lcopy array

723 /I MedianBuff[0]=VinBuff3[0];  //Medianilfer buffer

724 || MedianBuff[1]=VinBuff3[1];  //Medianilter buffer

725 /I MedianBuff[2]=VinBuff3[2];  //Medianilfer buffer

726

727 //find median value

728 /IVin=opt_med3(MedianBuff); /lOverveiVin with filtered value
729 /IVin=(VinBuff3[0]+VinBuff3[1]+VinBuff3[2]+Vin Buff3[VinBuff3ptr])>>2;

731 fl-mmmmemmmmenenn- record data--------------—---------

732

733 if(lin>1IN_DATA_MAX){

734 IIN_DATA_MAX = lin;} /I max cuent from bank
735

736 if(lin<IIN_DATA_MIN){

737  IIN_DATA_MIN = lin;} /I min cuent from bank
738

739 if(Vin>VIN_DATA_MAX){

740 VIN_DATA_MAX = Vin;} /I max vdhge on input
741

742 if((Vin<VIN_DATA_MIN)){

743  VIN_DATA_MIN = Vin;} /I min vdhge on input
744

745 if(lout>IOUT_DATA_MAX){

746 IOUT_DATA_MAX =lout;}  // max currerib load
747

748 if(Vout>VOUT_DATA_MAX){

749 VOUT_DATA_MAX = Vout;

750 TVMAX_DATA=TMR2;} /I max voltage ttbad
751 /Inote: nested if statments run faster thewitif the & of two conditions in argument
752 if(TVSP_DATA==0){ /I time to reach data seimt

753 if(Vout>Vset){

754 TVSP_DATA = TMRZ2;

755 }

756 }

758 /[-----mmm oo update PWM switchinfrequency-------------
759  if(PSCONFIG.ConFreq==1){ /lif in frequency control mode
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760 /IPWMfreq controls PWM frequency 200 20kHz

761/  Vouterror=(Vout-Vset); I/Ivoltage error

762 /I  KIACC=KiACC+Vouterror/64; /lintegrate error

763 1/ if(KIACC>Kilimit){KIACC=Kilimit;} /Nimit accumulator positive bound
764 /1 if(KIACC<-Kilimit){KIACC=-Kilimit;} /Mlimit accumulator negative bound
765

766 /lcompute required PWM frequency

767 /I(Vin+1) to eliminate devide by zengor if Vin=0

7681/  PWMfreq=( 275-((Vset/(Vin+1))*100)/1@+outerror*Kpfreq)/1024 +(KIACC*Kifreq)/128 );
769 PWMper=(Vset/(Vin+1))*1724+29706;

770  Mlend if

772 [[--=mmmmemm e perform safety checks-—----------------

773 Ilif(PWMfreq>Fmax){PWMfreq=Fmax;} //limit cmmanded frequency in safe bounds

774 Ilif(PWMfreq<Fres){PWMfreq=Fres;} //limit comanded frequency in safe bounds

775 if(PWMper<PWMpermin){PWMper=PWMpermin;} //limcommanded frequency in safe bounds
776 if(PWMper>PWMperres){PWMper=PWMperres;} //lintommanded frequency in safe bounds

77

778 if(Vout>VIimit){ Ilif ovemaximum safe voltage limit
779 PSCONFIG.PSerror=1; /Iset posupply error flag
780 PSCONFIG.aboveVlimit=1; /Iset oveltage flag

781 PWNMstop(); /Ishut dopower supply

782}

783 //note: nested if statments run faster theitif the & of two conditions in argument
784 if(Vin<Vinmin){
785 if(PSCONFIG.dummypulse==0){

786 PSCONFIG.PSerror=1; /Iset posupply error flag
787 PSCONFIG.lowVin=1; /Iset D@aklundervolt flag
788  PWMstop(); /Ishut dopower supply

789 1}

790

791 /fif((Vout<((Vset*VoutminTH)/10))&(TMR2>VoutmiTHtime TMR2)&(PSCONFIG.dummypulse==0)){
792 /Inote: nested if statments run faster thewith the & of two conditions in argument

793 if(Vout<(VsetTH*VoutminTH) {

794 if(TMR2>VoutminTHtime TMR2){

795 if(PSCONFIG.dummypulse==0){

796 PSCONFIG.PSerror=1; /Iset posupply error flag

797 PSCONFIG.lowVout=1; /[Outpuidervolt flag

798 PWNMstop(); /Ishut dopower supply

799 1}

800

801

802 /[-----=--=---- --update control vabies-----------------

803 // PTPER<15:3>: PWM Time Base Period Valus {#0kHz = 47000 ~(235*200) for complimentary)
804

805 // PTPER=235*40000/PWMfreq);  // PTPERLRE: PWM Time Base Period

806 PTPER=PWMper; /l PTPER8%:: PWM Time Base Period

807 MDC=PTPER/2; /I MDC<@5:PWM MASTER DUTY CYCLE REGISTER (0xFFFF to 0x0Q08
808 PHASE1=0; /I PWM ¢éibase phase shift time value

809 PHASE2=PTPER*1/3; /I PWM ¢ibase phase shift time value

810 PHASE3=PHASE2*2; /l PWM ¢base phase shift time value

811

812}

813

814

815 //

816 // Print PWM data to console

817 //

818 void PSprintdata(void){

819

820  printSeriaROM_str(NL);

821  printSeriaROM_str("---------- Pulse Datas------ \r\n");

822 if(PSCONFIG.ConFreq==0){ /fif manual mode for frequency responce testing

823 printSerialROM_str(freqString);
824 printSerial_int(PWMfreq);

}
826  printSeriaROM_str(dtyString);
827  printSerial_int(Dty);
828  printSeriaROM_str(ptimeString);
829  printSerial_int(Ptime);
830 printSeriaROM_str(vsetString);
831 printSerial_int(Vset);
832  printSeriaROM_str(vlimitString);
833  printSerial_int(Vlimit);
834  printSeriaROM_str("\r\nKp=");



835 printSerial_int(Kpfreq);
836  printSeriaROM_str(" Ki=");
837  printSerial_int(Kifreq);

839 printSerialROM_str("\r\nADCtrig samp=");
840 printSerial_int(ADC_trigINTcount);

841 printSerialROM_str("\\nADCconv samp=");
842  printSerial_int(ADC_convINTcount);

844  printSerialROM_str(NL);

846  printSerialROM_str("Data from last pul®&y\
847  printSerialROM_str("\n\nVin MAX=\0");
848  printSerial_signed_int(VIN_DATA_MAX);
849  printSerialROM_str(" Vin MIN= \0");

850 printSerial_signed_int(VIN_DATA_MIN);
851 printSerialROM_str("\r\nlin MAX=\0");
852 printSerial_signed_int(IIN_DATA_MAX);
853  printSerialROM_str(" lin MIN= \0");

854  printSerial_signed_int(IIN_DATA_MIN);
855  printSerialROM_str("\r\nVout MAX= \0");
856 printSerial_signed_int(VOUT_DATA_MAX);
857  printSerialROM_str(" lout MAX= \0");

858 printSerial_signed_int(IOUT_DATA_MAX);

860 printSerialROM_str("\r\nT to Vset=\0");
861 printSerial_signed_int(TVSP_DATA);
862 printSerialROM_str(" T to Vmax=\0");
863  printSerial_signed_int(TVMAX_DATA);

864

865 printSeriaROM_str(NL);

866

867}

868

869

870 //

871 // Initilize system variables, stacks

872 /1

873 void initCORE(void){

874 OSCCON=0x3300; /I SeRgmary Oscillator

875 // CORCON=

876}

877

878 /I

879 // Initilize i/o ports

880 //

881 void iosetup(void){

882

883 TRISDbits. TRISD0=1,; /I RDOr{di5) as input

884 TRISAbits. TRISA9=0; /I RA9 (p16) as output

885  TRISFbits. TRISF6=1,; /I RFén(i4) as input

886

887}

888

889

890 //:

891 // Initilize INT 0,1,2 interupts

892 /I

893 void INTsetup(void){

894

895 //INTO => int from i/o extender

896 INTCONZ2bits.INTOEP=1; /INTO émupt on rising edge(0) of falling edge(1)
897 IPCObits.INTOIP=6; /INTO Setority level 7=>highest, 1=>lowest, 0=>disabled
898 IECObits.INTOIE = 1; /IINTO erupt enable(1) or disable(0)

899

900 //INT1 => int from front panel button

901 INTCONZ2bits.INT1EP=1; /INT1 érupt on rising edge(0) of falling edge(1)
902  IPC4bits.INT1IP=4; /INT1 Setority level 7=>highest, 1=>lowest, 0=>disabled
903 IEC1bits.INT1IE = 1; /INT1 erupt enable(1) or disable(0)

904

905 //INT2 => int from optical trigger

906 INTCONZ2bits.INT2EP=1; /INT2 émupt on rising edge(0) of falling edge(1)
907  IPC4bits.INT2IP=5; /INT2 Setority level 7=>highest, 1=>lowest, 0=>disabled
908 IEC1bits.INT2IE = 1; /INT2 erupt enable(1) or disable(0)

909



910}

911

912

913

914 //

915 // Initilize PWM generator

916 //

917

918 void pwmsetup(void){

919

920 //disable PWM controller if enabled at starBT TO 0 BEFORE CONFIGURATION

921 PTCONDits.PTEN=0; /I Enab)egr Disable(0) PWM timebase

922

923  /l[pwm timebase setup

924  PTCONDits.EIPU=0; /I Actiperiod updates immediatly(1) or on cycle boundédies

925 PTCONDits.PTSIDL=1; /I Halt@) Run(0) PWM timebase in CPU idle

926

927 PTPER=235*40000/PWMfreq); // PTPER®Bt: PWM Time Base Period Value bits (20kHz = 476¢235*200) for complimentary,)
928 MDC=PTPER/2; /I MDC<@5:PWM MASTER DUTY CYCLE REGISTER (0xFFFF to 0x0Q08
929 DTR1=50+(PTPER/2)*(100-Dty); // Deachd register

930 DTR2=DTRI1; /I Deanhd register

931 DTR3=DTR1; /I Deanhdi register

932 ALTDTR1=DTR1; /I AlterieaDead time register

933 ALTDTR2=DTRI; /I Deadhe register

934 ALTDTR3=DTR1; /I Deadht register

935 PHASE1=0; /I PWM ¢ibase phase shift time value

936 PHASE2=PTPER*1/3; /I PWM ¢ibase phase shift time value

937 PHASE3=PHASE2*2; /I PWM éibase phase shift time value

938

939 PWMCON1bits.MDCS=1; /I MDC i=tgr provides timebase(1) or PDCx provides timef@s

940 PWMCON2bits.MDCS=1; /I MDC istgr provides timebase(1) or PDCx provides timel@s

941 PWMCON3bits.MDCS=1; /I MDC i=tgr provides timebase(1) or PDCx provides timef@s

942

943 PWMCON1bits.DTC=0; /I DTC<%:Dead time control Positive(0) Negative(1) or Disal(2)

944 PWMCON2bits.DTC=0; /| DTC<%:Dead time control Positive(0) Negative(1) or Dieal(2)

945 PWMCON3bits.DTC=0; /I DTC<%:Dead time control Positive(0) Negative(1) or Disal(2)

946

947  IOCON1bits. OVRDAT=0b00; /I PWM pirerride output values <1:0> PWMH=0OVRDAT<1> and MA:OVRDAT<0>
948 IOCON2bits.OVRDAT=0b00; /I PWM minerride output values <1:0> PWMH=0OVRDAT<1> and MA:OVRDAT<0>

949  |OCONB3bits.OVRDAT=0b00; /I PWM pirerride output values <1:0> PWMH=0OVRDAT<1> and MA:OVRDAT<0>

951 IOCON1bits. OVRENH=1; /I PWMHhpoverride output value =OVRDAT<1> (1) or PWM geutmut(0)
952 IOCON1bits.OVRENL=1; /I PWMLrpoverride output value =OVRDAT<0> (1) or PWM geutut(0)
953 IOCONZ2bits. OVRENH=1; /I PWMHhpoverride output value =OVRDAT<1> (1) or PWM geutmut(0)
954  IOCONZ2bits.OVRENL=1; /I PWMLrpoverride output value =OVRDAT<0> (1) or PWM geutut(0)
955 |OCONB3bits. OVRENH=1; /I PWMHhpoverride output value =OVRDAT<1> (1) or PWM geutpmut(0)
956 |IOCONB3bits.OVRENL=1; /I PWMLmpoverride output value =OVRDAT<0> (1) or PWM geutut(0)
957

958 IOCON1bits.PENH=0; /I PWMxlith is enabled(1, PWM) or disabled(0, general i/0)

959 IOCON2bits.PENH=0; /l PWMxkhis enabled(1, PWM) or disabled(0, general i/o)

960 IOCONB3bits.PENH=0; /I PWMxlith is enabled(1, PWM) or disabled(0, general i/0)

961 IOCON1bits.PENL=0; /I PWMxinps enabled(1, PWM) or disabled(0, general i/0)

962 IOCON2bits.PENL=0; /I PWMxInps enabled(1, PWM) or disabled(0, general i/0)

963 IOCONB3bits.PENL=0; /I PWMxinps enabled(1, PWM) or disabled(0, general i/0)

964

965 TRISEbits. TRISE0=0; /I REON(@i6) as output(0)

966 TRISEbits. TRISE1=0; /I REIn(@b) as output(0)

967 TRISEbits. TRISE2=0; /I RE2n(pi4) as output(0)

968 TRISEbits. TRISE3=0; /I RE3n(@B) as output(0)

969 TRISEbits. TRISE4=0; /I RE4n(@2) as output(0)

970  TRISEbits. TRISE5=0; /I RESn(il) as output(0)

971

972  I0CON1bits.PMOD=0; /I PWMH/PML pair mode configuration Complementery(0) Indeghemi(1) push-pull(2)
973  IOCON2bits.PMOD=0; /I PWMH/PW pair mode configuration Complementery(0) Indegiemi(1) push-pull(2)
974  I0CONB3bits.PMOD=0; /I PWMH/PML pair mode configuration Complementery(0) Indeghemi(1) push-pull(2)
975

976 IOCON1bits.OSYNC=1; /I PWM onige update at end of PWM period(1) or CPU clookifdary(0)
977 IOCON2bits.OSYNC=1; /Il PWM oride update at end of PWM period(1) or CPU clookitdary(0)
978 IOCONB3bits.OSYNC=1; /I PWM onige update at end of PWM period(1) or CPU clookifdary(0)
979

980

981 //enable PWM controller(1) SET THIS LAST

982 PTCONDits.PTEN=1; /I Enab)egr Disable(0) PWM timebase

983

984 }
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985
986
987
988 //

989 // Initilize UART for serial communication

990 /1

991 void uartsetup(void){

992
993

1014 //
1015 //
1016

/I Set Up UART TX side

TRISEDbits. TRISE7=0; /I Alt UARTX as output(0)

TRISEDbits. TRISE6=1; /I Alt UARRX as input(1)

U1BRG=194; /1 9600Bdar tcy=30MHz (frc hi and 32x pll)
U1MODE=0x8000; /I Enal@data, no parity, 1 stop

U1STAbits.URXISEL=0b00; /I URXISEL:0>: Receive Interrupt Mode Selection bit
/I (Intptwvhen 11=>buffer full, 10=>buffer 3/4 full, Ox=haracter is received)

U1MODEDits.ALTIO = 1; /I Alt UARIo pins

U1MODEDbits.UARTEN = 1; /I UART atmied(1) or disabled(0)

U1STADbits.UTXEN =1; /l UARTatrsmitter enabled(1) or disabled(0) (UARTEN=1 nwesset prior to this)
/IReceiver interupt initialize

IFSObits.U1RXIF = 0; /I seeinipt flag to 0

IPC2bits.U1RXIP = 4; /I sepity level 7=>highest, 1=>lowest, 0=>disabled

IECObits.U1RXIE = 1; /I enabdeiever interupt

Setup ADC to scan analog inputs

1017 void adcsetup(void) {

ADPCFG=0b1111111111110000; // PCFG)18/D Port Configuration Control bits enableffh as ADC or disable(1) for digital I/O
TRISB =0b1111111111111111; // TRISB[A] set to 1 to connect pin tri-state bufferriput

ADCONDbits.ADSIDL=0; /I Stop(ih) Idle Mode or run(0)

ADCONDbits.FORM=0; /I DatatPut Format bit fractional(1) or decimal(0)
ADCONDbits.EIE=0; /I Earlytérrupt Enable bit after first conversion(1) ocaed(0)
ADCONDbits.ORDER=0; /I ConviersOrder bit first chanels to convert are odd(dLgeen(0)

/l'in theP1C30f2020 ADC conversions are preformed in p2ir23,45 etc

/I aftemeersion they show up sequentialy in the ADCBUBKable

/I thisgsserether the odd or even channel is converted firs
ADCONDbits.SEQSAMP=1; /I SeqidrBample Enable(1) or disable(0) controlles tfaed holds of the ADC

/I paie ariggered at the same time(first conversion)wirnd) seperate conversions
ADCONDbits.ADCS=0b011; /I ABJ2..0]A/D Conversion Clock Divider Select bits(p=> Fadc/(4+2*ADCS)
ADSTAT=0; I [5..Gpnversion Data for Pair #x Ready bits

ADCPCObits. TRGSRC0=0b00001; //TrigGeource Selection bits for channels ANO and AN1
ADCPCObits. TRGSRC1=0b00001; //TriggeSource Selection bits for channels AN2 and AN3
ADCPCObits. TRGSRC0=0b01100; //Trigg&ource Selection bits for channels ANO and AN1
ADCPCObits. TRGSRC1=0b01100; //Trigh&ource Selection bits for channels AN2 and AN3

/IADC gigy selection

//0b00GH%oftware trigger

/I rRW trigger, set ADCPCObits. SWTRG1=1;

//0b00G4 Global software trigger selected

/I rigobal SW trigger set ADCONbits. GSWTRG=1; mustcteared afer conversion

//I0b00GLPWM Special Event Trigger selected

//0b00XOPWM generator #1 trigger selected

//0b011OTimer #1 period match

//0b011DTimer #2 period match

ADCPCObits.IRQEN1=1; /Nnterr@equest Enable of channels AN3 and AN2 Enabie(tjsable(0)
ADCPCObits.IRQENO0=1; /Nnterrequest Enable of channels AN1 and ANO Enablex(t)sable(0)
IFSObits.ADIF=0; /I Clegr@DC Interrupt Flag

IPC2bits.ADIP=6; /I setopity level 7=>highest, 1=>lowest, 0=>disabled

IECObits.ADIE=1,; /I ADC é&rtupt Enable(1) or Disable(0)

ADCONDbits.ADON=1; /I AID Oping Mode bit Enable(1) or Disable(0) ADC opevati



1061

1062

1063 //

1064 // Sets up timers and timer interupts

1065 /1

1066 void timersetup(void) {

1067

1068 SRbits.IPL = 3; /I CPU intetrppiority levels

1069 INTCON1bits.NSTDIS=1; /I Disadlgor enable(0) nested interupts
1070

1071 // Set up TMR1 for ADC trigger

1072 T1CONDbits.TCS=0; /I 1=> extémlack from TxCK, 0=> internal clk
1073  T1CONbits. TCKPS=0b01; /I prescal®d®@->clk/1, 0b01=>clk/8, 0b10=>clk/64, Obl1l=>clki25
1074 T1CONDbits.TGATE=0; /I gated tiaezululation: 1=>enable, 0=>disable
1075 TI1CONDits.TSIDL=1; /I stop timeridle: 1=>disable, O=>enable

1076 TMR1=0; /I clear timegister

1077 // Set up TMRL1 interupts

1078 PR1=10000; I Interrufperthis many cycles (testing)

1079 IPCObits. T1IP = 6; /I set prigiigvel 7=>highest, 1=>lowest, 0=>disabled
1080 IFSObits. T1IF = 0; /I clear imtgot flag, set when timer=PRx

1081 T1CONDbits.TON=1; /I 1=> stamer, 0=> stop timer

1082 |ECObits. T1IE = 1; /I 1=> enali@rrupts, 0=> disable interupts

1083

1084 // Set up TMR2 for PWM pulse time

1085 T2CONDbits.TCS=0; /I 1=> extémlack from TxCK, 0=> internal clk
1086 T2CONbits. TCKPS=0b10; /I prescal®d®@->clk/1, 0b01=>clk/8, 0b10=>clk/64, Ob11=>clki25
1087 T2CONbits. TGATE=0; /I gated tiaezululation: 1=>enable, 0=>disable
1088 T2CONDits.TSIDL=1; /I stop timeridle: 1=>disable, O=>enable

1089 TMR1=0; /I clear timepister

1090 // Set up TMR2 interupts

1091 PR2=469; /I Interrufieathis many cycles (4692=10ms at clk/64, 1173nd @t clk/256)
1092 IPC1bits.T2IP = 6; Il set prigiigvel 7=>highest, 1=>lowest, 0=>disabled
1093  IFSObits.T2IF = 0; /I clear imtgot flag, set when timer=PRx

1094 T2CONbits.TON=0; /I 1=> stamer, 0=> stop timer

1095 |ECObits.T2IE = 0; /I 1=> enabii@rrupts, 0=> disable interupts

1096

1097 // Set up TMR3 for I/O control

1098 T3CONDbits.TCS=0; /I 1=> extémlack from TxCK, 0=> internal clk
1099 T3CONbits. TCKPS=0b11; /I prescal®d®@->clk/1, 0b01=>clk/8, 0b10=>clk/64, Obl1=>clki25
1100 T3CONbits. TGATE=0; /I gated tiaezululation: 1=>enable, 0=>disable
1101 T3CONbits.TSIDL=1; /I stop timeridle: 1=>disable, 0O=>enable

1102 TMR3=0; /I clear timegister

1103 // Set up TMR3 interupts

1104 IPC1bits.T3IP = 4; /I set prigiigvel 7=>highest, 1=>lowest, 0=>disabled
1105 PR3=10000; /I Interrufpemthis many cycles

1106  IFSObits.T3IF = 0; /I clear imtgot flag, set when timer=PRx

1107 T3CONDbits.TON=1; /I 1=> stamer, 0=> stop timer

1108 |ECObits. T3IE = 1; /I 1=> enali@rrupts, 0=> disable interupts

1109

1110}

1111

1112

11137/

1114 // Prints signed int as ASCII string on sepiait (-32768 to +32767)

1115 /1

1116 void printSerial_signed_int(signed int val) {
1117  int index=0;
1118 char str6[6]; /16 chaimgy

1120 //determins sign
1121 if(val<0){

1122 val=-val;
1123 stré[0]="-";

1124  lelse{
1125 stré[0]="+";
1126

}
1127  //build num string
1128 for(index=5;index>=1;index--){
1129 str6[index]=(val%10 + '0");
1130 val=val/10;

1132 //transmit string

1133  if((ULMODEDbits.UARTEN == 1)&&(U1STAbits.UXEN =1)){ // only transmit of uart and uart tx azeabled

1134  for(index=0;index<=6;index++){



1135 while(U1STAbits.UTXBF==1);
1136 U1TXREG=stré[index];

1137  }lend for

1138  Mlend if

1143 // Prints unsigned int as ASCII string onalgudrt (0 to 65535)
1144 /1
1145 void printSerial_int(unsigned int val) {
1146  int index=0;

1147  char str5[5]; /I5 chaimgy

1149  //build num string

1150 for(index=0;index<5;index++){
1151 str5[4-index]=(val%10 + '0");
1152 val=val/10;

1154  /ftransmit string

1155 if((U1IMODEDbits.UARTEN == 1)&&(U1STAbits.UXEN =1)){ // only transmit of uart and uart tx aeeabled
1156 for(index=0;index<=4;index++){

1157 while((U1STAbits.UTXBF==1));//wait wikibuffer full or tx register not empty

1158 U1TXREG=str5[index];

1159 while((U1STAbits. TRMT==0));//wait whilbuffer full or tx register not empty

1160 }/end for

1161  }Ylend if

1166 // Prints literial ASCII value from variable gerial port
1167 //
1168 void printSerial_ASClI(char value) {

1169 if((ULMODEDbits.UARTEN == 1)&&(U1STAbits.UXEN =1)){ // only transmit of uart and uart tx aeeabled
1170 while((U1STAbits.UTXBF==1));//wait wikibuffer full or tx register not empty

1171 U1TXREG=value;

1172 while((U1STAbits. TRMT==0));//wait whilbuffer full or tx register not empty

1173 Ylend if

1177 /I Prints string of ASCII characters on sepiadt from RAM
1178 /1
1179 void printSerial_str(char * str) {
1180 inti=0;

1182 if((ULMODEDbits.UARTEN == 1)&&(U1STAbits.UXEN =1)){ // only transmit of uart and uart tx aeeabled
1183  while(str[i]'=0) {

1184 while((U1STAbits. UTXBF==1));//wait wikibuffer full or tx register not empty

1185 ULTXREG=str[i];

1186 i++;

1187 while((U1STAbits. TRMT==0));//wait whilbuffer full or tx register not empty

1188 }/end while

1189  }Ylend if

1193 // Prints string of ASCII characters on sepiait from program memory
1194 //
1195 void printSerialROM_str(const char * str) {
1196 inti=0;

1198 if((U1IMODEDbits.UARTEN == 1)&&(U1STAbits.UXEN =1)){ // only transmit of uart and uart tx aeeabled
1199  while(str[i]'=0) {

1200 while((U1STAbits.UTXBF==1));//wait wikibuffer full or tx register not empty

1201 U1TXREG=str[il;

1202 i++;

1203 while((U1STADbits. TRMT==0));//wait whilbuffer full or tx register not empty

1204  }lend while

1205 }Ylend if

1209 // Convert int into a binary ascii string



1210 /1
1211 void printSerial_binary_int(unsigned int val){

1212 int index=0;

1213

1214  /ftransmit string

1215 if((ULMODEDbits.UARTEN == 1)&&(U1STAbits.UXEN =1)){ // only transmit of uart and uart tx azeabled
1216 for(index=15;index>=0;index--){

1217 U1TXREG=(testbit(val,index)+'0’);

1218 while((U1STADbits.UTXBF==1)|( ULSTAbTRMT==0));//wait while buffer full or tx registamot empty
1219  }lendfor

1220  Ylend if

1225 // Convert numeric ascii string to an unsigimed
1226 /1
1227 int str_to_int(char * str){
1228 int result=0;

1229 int index=0;

1230 int digit=0;

1231

1232 for (index = 0; (str[index]!="0")&(index4); ++index X

1233 digit=str[index] - '0"; gét the ascii char valua and convert to numerii dig
1234 result=10*result + digit; add the digit to the result and multiply old resut10
1235 }

1236

1237 return(result);

1238}

1239

1240

1241 11

1242 |/ Parse received string for commands

1243 /1

1244 |/ Dty=100; /lduty &y 100% (varies between 50-100%)

1245 /| PWMfreq=200; /IPWMfregntrols PWM frequency 200 => 20kHz
1246

1247 void parse_string(char * str){

1248 int i=0; IIstringdiex

1249 int cnum=0; /lconverreumber

1250 char str6[6]; /16 chaimgy

1251

1252

1253 //if numeric input, then expect to set a \(@da

1254 if(str[0] == '$"){ Ilexpected firshar for numeric input

1255  for(i=0;(str[i]'="\0")&(i<=4);i++){
1256 stré[i]=str[(i+1)];

1257  }lend for

1258 stré[5]="0";

1260 cnums=str_to_int(str6);  //convdrteimber

1262 printSerialROM_str("\r\nNumber receive0");

1263 printSerial_int(cnum);  //displegnveted number

1264  //set pwm frequency

1265 if((str[7]=="f") &(str[8]=="r")&(str[9%F="e") &(str[10]=="q")&(str[11]=="0")){

1266 if((cnum>=Fres)&(cnum<=Fmax)){

1267 PWMfreq=cnum;

1268 printSerialROM_str(freqString);

1269 printSerial_int(PWMfreq);

1270 printSeriaROM_str(NL);

1271 }

1272 else{

1273 printSerialROM_str(InvalidNumbeiBg); /I print string to terminal
1274

}
1275 Ylend if
1276  //set duty cycle
1277 else if((str[7]=="d")&(str[8]=="1")&{q9]=="y") &(str[10]=="0")

1278 if((cnum>=Dtymin)&(cnum<=Dtymax)){
1279 Dty=cnum;

1280 printSeriaROM_str(dtyString);

1281 printSerial_int(Dty);

1282 printSerialROM_str(NL);

1283

}
1284 elsef{



1285 printSerialROM_str(InvalidNumbeiBg); /I print string to terminal

}
1287 Mlend if
1288 /Iset pulse time
1289 else if((str[7]=="p") &(str[8]=="t") &{H9]=="1") &(str[10]=="m") &(str[11]=="e")&(str[12]="0")){

1290 if((cnum>=1)&(cnum<=100)){

1291 Ptime=cnum;

1292 printSerialROM_str(ptimeString);

1293 printSerial_int(Ptime);

1294 printSerialROM_str(NL);

1295 }

1296 else{

1297 printSerialROM_str(InvalidNumbeisg); /I print string to terminal
1298

}
1299 Yiend if
1300 //set voltage output setpoint
1301 else if((str[7]=="v")&(str[8]=="s")&{g9]=="e") &(str[10]=="t")&(str[11]=="0") {

1302 if((cnum>=0)&(cnum<=Vlimit)){

1303 Vset=cnum;

1304 printSerialROM_str(vsetString);

1305 printSerial_int(Vset);

1306 printSerialROM_str(NL);

1307 }

1308 else{

1309 printSerialROM_str(InvalidNumbeiBg); /I print string to terminal
1310

}
1311 Ylend if
1312  /Iset voltage limit setpoint
1313 else if((str[7]=="v")&(str[8]==") &(s[9]=="1") &(str[10]=="m") &(str[11]=="i")&(str[12]="t") &(str[13]=="0")){

1314 if((cnum>=0)){

1315 Viimit=cnum;

1316 printSerialROM_str(vlimitString);

1317 printSerial_int(VIimit);

1318 printSerialROM_str(NL);

1319 if(Vset>VIimit){Vset=Vlimit;} /lreset Vset to Vlimit in required
1320 }

1321 else{

1322 printSerialROM_str(InvalidNumbeiBg); /I print string to terminal
1323

}
1324 Ylend if
1325 /Iset Kpfreq
1326 else if((str[7]=="k")&(str[8]=="p")&{d9]=="0")){

1327 if((cnum>=0)){

1328 Kpfreq=cnum;

1329 printSerialROM_str(kpString);

1330 printSerial_int(Kpfreq);

1331 printSerialROM_str(NL);

1332 }

1333 else{

1334 printSerialROM_str(InvalidNumbeisg); /I print string to terminal
1335

}
1336 Miend if
1337  //set Kifreq
1338 else if((str[7]=="k")&(str[8]=="1)&¢s[9]=="0")){

1339 if((cnum>=0)}{

1340 Kifreg=cnum;

1341 printSerialROM_str(kiString);

1342 printSerial_int(Kifreq);

1343 printSerialROM_str(NL);

1344

1345 else{

1346 printSerialROM_str(InvalidNumbeiBg); /I print string to terminal
1347

}
1348 Ylend if
1349  //if no valid input

1350 else{

1351 printSerialROM_str(InvalidString); /I print received string to terminal
1352 Ylend else

1353

1354  }/end numeric set if

1355

1356 //manual pulse trigger

1357 else if((str[0]=="p") &(str[1]=="u")&(str]2="I") &(str[3]=="s")&(str[4]=="e") &(str[5]=="0")]

1358 if((IOCON1bits.OVRENH==1)&(PSCONFIG.Mbckout==0)){ /I If the timer isnt runningnd lockout disabled
1359 printSerialROM_str(PulseString);



1360 if((Vin<Vinmin)&(PSCONFIG.dummymé==0)){

1361 PSCONFIG.PSerror=1; /Iset power supply error flag
1362 PSCONFIG.lowVin=1; /Iset DC link undervolt flag
1363 PWMstop(); /Ishut down power supply

1364

1365 else{

1366 PWMstart(); /Ir$aulse timer and enable outputs
1367 }

1368 }

1369 }lend pulse trigger else if

1370

1371 //software reset

1372 else if((str[0]=="r)&(str[1]=="e")&(str]2="s")&(str[3]=="e")&(str[4]=="t') &(str[5]=="\0")]
1373 RCON=0x0000;

1374 printSeriaROM_str("\\n\\nRCON=0"),

1375 printSerial_binary_int(RCON);

1376 printSeriaROM_str(ResetInitString);

1377 asm("RESET");

1378 }lend else if

1380 //display data

1381 else if((str[0]=="d")&(str[1]=="a")&(str[2="t")&(str[3]=="a")&(str[4]=="0"){

1382 ProgCON.PSDataReady=1; //printPWéta to console

1383 }lend else if

1384

1385 //[dummy pulse

1386 else if((str[0]=="d")&(str[1]=="p")&(str]3="0")}

1387 PSCONFIG.dummypulse=1; //set dyputse flag

1388 printSerialROM_str("\\nDummypulseesgéd, saftey checks disabled \0");

1389 }lend else if

1390

1391 //help menu

1392 else if((str[0]=="h")&(str[1]=="€")&(str[2=")&(str[3]=="p") &(str[4]=="0")){

1393  printSerialROM_str("\\nValid Command$18kxxxx freq (sets PWM freq 00200=20kHz, 00250=gff=00150)\0");
1394  printSerialROM_str("\\n$xxxxx dty (sét8VM duty cycle 00100=100%, 00100>=dty>=00050)\0");
1395  printSeriaROM_str("\r\n$xxxxx ptime (s@tslse time 00100=10ms, 00100>=ptime>=00001)\0");
1396  printSerialROM_str("\r\n$xxxxx vset (setstput voltage 08000=>80kV, 00000<=vset<=VIimit)}0
1397  printSeriaROM_str("\r\n$xxxxx vlimit(setsowbar voltage limit 08500=>85kV, 00000<=VIimi));
1398  printSerialROM_str("\r\npulse (triggergmut pulse)\r\ndp(enables dummy pulse)\0");

1399 printSerialROM_str("\r\ndata (prints @aiwer supply operation data)\0");

1400 printSerialROM_str("\"\nreset (dsPIC haadsvreset)\r\n\0");

1401  }/end help else if

1402
1403 /ffor all other input
1404 else {

1405 printSerialROM_str(InvalidString);pffint string to terminal
1406 }lend else

1408  printSeriaROM_str(NL);
1409 }/end of sub
1410
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